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"J PKEFACE 



^ 



THE THIED EDITION 



P^ In preparing the present edition the type has been entirely re-set 

and the addenda of the last edition embodied in the text. 

Numerous important additions and corrections have been 
made, especially in the chapter devoted to the investigation of 
Suumer's and other similar methods. 

I have, through the courtesy of the executors of the late 
Admiral Sir Charles F. A. Shadwell, had the very great advantage 
of reading through and making numerous extracts from his 
valuable * Notes on Navigation and Nautical Astronomy,' which 
embodied the experiences of a long and busy life devoted to both 
the practical and scientific work of the naval profession, and which 
it is a matter of regret to all students of the subject were never 
published. 

For the convenience of those among my readers who are more 
familiar with Norie's nautical tables than with those of Inman, I 
have drawn up a table (placed so as to face page 1) showing the 
comparisons between the numbers in each. 

At the end of the book will be found specimens of the papers 
on Navigation worked through by the senior and junior classes at 

the Royal Naval College. 

W. B. MABTIN. 
BoYAL Naval College, 
Oaesnwich. 



Digitized by 



Google 



Digitized by 



Google 



PEEFACE 



TO 



THE FIEST EDITION 



In compiling the following Treatise on Navigation and Nautical 
Astronomy, which the Lords Commissioners of the Admiralty 
have honomred by accepting as the text-book for use in the Royal 
Navy, I have endeavoured to combine in one volume information 
which should be alike useful to beginners and to practical navi- 
gators. The problems dealt with are chiefly those of everyday 
practice at sea, adapted to the requirements of modem naviga- 
tion, the introduction of swifter vessels rendering it absolutely 
necessary for the skilful navigator to have at his command every 
means of determining a ship's position by day and by night. 

Preceding the practical illustrations of each problem I have 
placed the theory, which is dealt with in such a way as to be 
intelligible to those conversant with only Plane and Spherical 
Trigonometry, without a sound knowledge of which it is im- 
possible to understand the art of Navigation. 

I have laid great stress on a thorough knowledge of the 
principles of construction and use of Charts. The latter part of 
this subject will be found quite within the grasp of beginners, and 
in every case indicated throughout the book it is highly desirable 
to use the charts referred to, as impressing on the learner the 
thoroughly practical nature of the questions dealt with : as only 
a few charts are supplied for educational purposes, most of the 
examples on their use are arranged for the Oflicer's Atlas. Great 
Circle Sailing I have described from the practical point of view. 
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NAVIGATION AND NAUTICAL ASTRONOMY 



the numerous theoretical questions which the mathematical S( 
tions involve presenting no points of utility to the navigator. 

In the chapters on Nautical Astronomy I have endeavou 
at first to interest the beginner in some of the phenomens 
general Astronomy, before dealing with the problems relating 
the navigation of ships. 

In the portions relating to Time, I am aware that the 
planations are unnecessarily diffuse for practical purposes, but 
so, I think, for the high theoretical standard also aimed at in 
system of Naval education. 

Perhaps the most important chapter in the book is thai 
which Sumner's and other kindred methods are described : 
these descriptions I am greatly indebted to my colleague at 
Koyal Naval College, Mr. J. M. Pask, E.N., and to Mr. A 
Johnson, K.N., late of H.M.S. * Britannia.' 

In the Appendix on Tides will be found a summary of 
chief facts relating to this very important but seldom stu( 
subject. 

I have throughout the book constantly referred to tl 
valuable aids to the practical navigator in the form of var 
tables, diagrams, &c., placed in the chart boxes, and the us( 
which should, I think, be carefully shown to the learner at ei 
stage of his progress. 

I have also frequently referred to works which are eithe: 
the ship's library or generally form part of every officer's pri^ 
collection. Among these I have more especially referred 
* Wrinkles in Navigation/ by Captain Lecky, B.N.E., a v 
which I have found most useful in the instruction of my cla 
in Practical Navigation at the Eoyal Naval College. 

As Inman's Nautical Tables are those most generally use 
the Navy, I have arranged for the examples to be worked by th 
and the publishing of this book being considered a suit 
opportunity for revising and re-arranging both those tables 
the * Handbook for the Stars ' commonly used in the Navy, 
references in the text are to both the old and new editioni 
these works. 

I have thought it worthy of my subject to spend much t 
in searching through the nautical records of past years, in o 
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PREFACE TO THE FIRST EDITION IX 

to determine to whom we owe the first publication of the various 
problems of navigation : the curious information I thus obtained 
I have placed on record in the foot-notes. 

The examples, with some alterations, are chiefly taken from 
Jeans' ' Navigation.' Although that book has been extensively 
used in the Koyal Navy during the last forty years, there may 
still exist some errors in the solutions, and for corrections in these 
I shall always be greatly obliged to my readers. 

During the two years I have been engaged in this compilation 
I have sought and received a vast amount of advice and assistance 
from my many friends in the service, both present and former 
members of my classes of senior ojB&cers at Greenwich, my present 
co-workers at the Koyal Naval College, my former colleagues at 
the Hydrographic Oflice, and members of the staff of H.M.S. 
' Britannia,' to all of whom I give my most cordial thanks, and to 
whom we shall all feel indebted if the present volume answers the 
purpose for which it is designed, of clearly placing before Naval 
oflicers the Theory and Practice of Modem Navigation. 

W. B. MAETIN. 

Royal Naval College, 
Greenwich. 
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at end of the book. 



PIJITK 
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Variation and Deviation. 
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THE Bill of Portland to St. Alban*s Head. 

8. Plan of the Downs. 

4. Napier's Diagram showing the Curve op Deviation drawn prom 

the Deviation Table used in this book {see page 21). 
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the Deviation Table on page 21. 
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NAVIGATION 

AND 

NAUTICAL ASTEONOMY. 



PAET I.-NAVIGATION. 



CHAPTER I. 

General obBervations— Meridians — Latitudes and longitudes of places — Differences of 
latitude and longitade — The true course— Rhumb line — Distance — Compass cards 
and names of points — Log ship— Log line — Patent logs. 

Navigation has been well defined as * the art of conducting a Definition 
ship from port to port, or that science which relates to the deter- 
mination of the place of a ship on the sea/ 

It embraces two distinct modes of procedure, both of which 
are employed in making a voyage. 

The first method is practised with the aid of the compass and Dead 
log line, the former to determine the direction in which the ship '®«Jto^i^« 
is proceeding, the latter to ascertain the distance run in that 
direction ; the result obtained from this record of the direction 
and distance is termed dead reckoning. 

The second method is that by which the position is determined poaiuon by 
astronomically and far more accurately than is possible with the observation 
dead reckoning; the principal instruments employed are the 
sextant and chronometer. 

The first of these methods is known as Navigation, the second 
as Nautical Astronomy. 

It cannot too soon be recognised by the reader that both Application 
branches of the subject are applications of Trigonometry, the oftrigono- 
former principally involving the solution of right-angled plane ^^ '^ 
triangles, the latter of spherical triangles; and to confine our 
attention throughout this part to Navigation alone, we shall find 
that every practical problem which presents itself can be shown 

B 
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NAVIGATION AND NAUTICAL ASTRONOMY 



AziB 
Poles 

Equator 



Meridian 
Iiongitude 



on drawing a suitable figure to be capable of easy solution by 
tbose familiar with elementary Trigonometry and the use of 
logarithms ; it will therefore be assumed that the study of tho^e 
subjects will precede or accompany the perusal of this work, and 
since Goodwin's Trigonometry is the official text-book on that 
subject in the Eoyal Navy frequent references will be made to 
that volume. 

Commencing our work with a description of the method of 
distinguishing the positions of places on the earth by their lati- 
tudes and longitudes, we give the following elementary geographical 
definitions.* 

The Axis of the earth is that diameter about which it revolves. 

The Poles of the earth are the points where the axis meets its 
surface. 

The Equator is a great circle on the earth's surface equi- 
distant from its poles, thus dividing that surface into two equal 
portions.^ 

The positions of places on the earth are determined by their 
latitudes and longitudes ; if we imagine a great circle drawn from 
pole to pole, such a circle is termed a meridian, and the longitude 
of a place is the arc of the equator intercepted between the meridian 
passing through the place and some arbitrarily chosen meridian 
(first meridian) ; that selected in most countries being the meridian 
passing through Greenwich. 

At a conference of delegates from the principal countries of 
the world (twenty-seven in number), held at Washington, U.S., 
in October 1884, to fix on a meridian proper to be employed as a 
common zero of longitude, twenty-two representatives voted in 
favour of adopting the meridian passing through the centre of the 
transit instrument at the Observatory of Greenwich as the initial 
meridian for longitude, and fourteen voted in favour of counting 
the longitude in two directions up to 180 degrees — east longitude 
being plus, and west longitude minus. 

The equator is supposed to be divided into 360 equal parts, 
termed degrees, each containing sixty nautical miles or minutes 
of arc, and longitudes are reckoned both east and west from 
Greenwich, reckoned numerically in each direction from 0** to 



* For convenience of reference the varioas definitions in Navigation are brought 
together and formally stated in the terms sanctioned for use in H.M.S. Britannia 
on pages 110-113. The definitions in Nautical Astronomy are similarly given on 
pages 421-424. 

* Great circles are those whose planes pass through the centre of the sphere. 
Small circles are those whose planes do not pass through the centre of the sphere. 
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ELEMENTARY DEFINITIONS 3 

• 

180*, so that the meridian of 180^ east coincides with that of 
180^ west. 

The latitude of a place is the arc of the meridian passing Latitade 
through the place, intercepted between it and the equator, or the 
angle subtended by that arc at the centre of the earth ; latitudes 
are measured both north and south from the equator, the whole 
arc of the meridian between it and either pole being supposed to 
be divided into 90°, reckoned numerically from the equator to 
either pole, and, each consisting of sixty minutes or nautical 
miles. 

The figure of the earth is not that of a sphere, but of an 
oblate spheroid ; hence in different latitudes the arcs subtending 
angles of one degree at the centre are not of equal lengths ; and 
the sixtieth parts of such degrees vary in length from 6,046 feet 
at the equator to 6,108 feet at the pole. In navigation the earth 
is always considered to be a sphere, and the nautical mile 6,080 
feet ; equivalent nearly to If statute miles. 

Strictly speaking, while the geographical mile is the length of 
a minute of arc of the equator, the nautical mile is a minute of 
arc of a circle passing through the place considered, and having a 
radius equal to the radius of curvature of the meridian. 

Parallels of latitude are small circles on the globe whose planes ParaUeis of 
ajre parallel to that of the equator. latitu e 

From the foregoing definitions it will be seen that the differ- Difrerenoe of 
ence of longitude (diflf. long.), sometimes called * easting * or * west- ^°'****^ ® 
ing,' between two places is the arc of the equator intercepted 
between their meridians, and remembering that we estimate 
longitudes both east and west from Greenwich, it follows that if 
two places are both east or both west of Greenwich their differ- 
ence of longitude is found by taking the numerical difference of 
their longitudes; but if one is east and the other west of 
Greenwich the numerical sum of their longitudes, or the defect of 
that sum from 360**, gives the required difference. 

It will be remarked that the diflf. long, is the same for all 
places on the same meridians though the actual distance in miles 
between them of course varies. 

It will also be seen that the difference of latitude between two Difrerenoe of 
places is the arc of a meridian intercepted between parallels of i«****<*« 
latitude drawn through them. This is termed true difference 
OP LATITUDE (t. d. lat.) in distinction to the meridional difference 
of latitude, which will be defined later on. 

True difference of latitude is sometimes called * northing * or 
* southing.* 

B 2 
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4 NAVIGATION AND NAUTICAL ASTRONOMY 

Since latitudes are measured both north and south from the 
equator, similar distinctions of cases will arise when considering 
diflferences of latitude, as we observed before with differences of 
longitude. 

The full meaning of the preceding elementary definitions can 
be best understood by reference to a globe — a remark which 
applies equally to all other definitions in navigation — and the 
reader should accustom himself to the appearance of parallels of 
latitude and meridians, as seen with the eye in the plane of the 
equator, and also vertically over either pole. We illustrate this 
part of the subject by a figure of the earth, drawn on the first of 
these suppositions (fig. 1). 




N s represents the earth's axis, N and s being the poles and 
w Q E the equator ; a b, c d, g h, k I are portions of parallels of 
latitude ; n A s, n B s, n c s, &c., are portions of meridians, of which 
N c s is assumed to be the meridian of Greenwich ; o m is the 
latitude of o (north) ; b f is the latitude of f (south) ; c M is the 
longitude of o (east) ; c B is the longitude of F (west) ; B m is the 
difference of longitude between F and o ; o R or t F is the differ- 
ence of latitude between o and F. 

The following are computed illustrative examples followed by 
others for practice : — 
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LATITUDE AND LONGITUDE 



Example (a). To find the true difference of latitude in nautical 
miles or minutes of arc, having given the latitude from and lati- 
tude inJ 



1. Find the true difference of 
latitude, having given latitude 
from 42^ 10' N., and latitude in 
60*^ 48' N. 

lat, from 42*^10' N. 

lat. in 50 48 N. 



2. Find the true difference of 
latitude, having given latitude 
from 3** 42' N., and latitude in 
2^ 50' S. 

lat. from 3^ 42' N. 
lat. in 2 50 S. 



Examples 



8 38 






6 32 


60 






60 


T. D. lat. 518' N 


"» 


T. 


D. lat. 392' 8. 


Find the true diflference of latitude in each of the following 


examples : 

Lat. fiom 


Latin 




Answers. 


3. 33M2'N. 


40''40'N. 




T. D. lat= 418' N. 


4. 40 40 N. 


33 42 N. 




„ = 418 S. 


5. 3 42 S. 


1 40 N. 




„ = 322 N. 


6. 3 8 S. 


14 42 S. 




„ = 694 S. 


7. 68 48 N. 


38 30 N. 




„ =1818 S. 


8. 14 14 N. 







„ = 854 8. 



Example (6). To find the latitude in, having given the latitude 
from and true difference of latitude. 



9. Find the latitude in, having 
given the latitude from 42° 30' 
N., and true diff. lat. 342' N. 

60)342' N. 
T. D. lat. 6° 4ii' N. 
lat. from 42 3 N. 
lat. in 48 12 N. 



10. Find the latitude in, having Examples 
given the latitude from 42° 30' 
8., and true diff. lat. 342' N. 

60)342' N. 
T. D. lat. 5°42'N. 
lat. from 4 2 30 8. 
lat. in 36 48 8. 



Find the latitude in, in each of the following examples : 



11. 
12. 
13. 
14. 
15. 
16. 



Lat. from 

30° 10' N. 
2 8. 
48 8. 
48 8. 
48 N. 
10 N. 



3 
2 
2 
4 




T. D. lat 

182' N. 
190 N. 
368 N. 
288 n". 
288 8. 
228 N. 



Answers. 

Lat. in 33° 12' N 
., 



8 N. 
20 N. 

N. 


58 N. 



■ The latitade and longitade of the plaoe sailed from is called that from, the 
latitade and longitade of the plaoe arrived at is ealled that in. 

* The letters N. and S. attached to the diff. lat. denote the direction in which the 
■ohange of position has taken place, and similarly in sabeeqnent cases with regard to 
the letters E. and W. attached to the diff. long. 
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6 NAVIGATION AND NAUTICAL ASTRONOMY 

Example (c). To find the difference of longitude in minutes of 
arc, having given the longitude from and longitude in. 



17. Find the difference of 
longitude, having given the 
longitude from =110° 42' W., 
and longitude in =100** 42' W. 

long, from 110° 42' W. 
long, in 100 42 W. 



18. Find the difference of 
longitude, having given long, 
from 12° 10' E., and long, in 2°' 
45' W. 

long, from 12° 10' E. 
long, in 2 45 W. 



10 




14 55 


60 




60 


diff. long. 600' E. 




diff. long. 895' W. 


Find the difference 


of longitude 


in each of the following 


exampfes : 






Long, from 


Long, in 


Answera. 


19. 33° 40' E. 


40» 10' E. 


Diff. long. 390' E. 


20. 104 W. 


110 30 W. 


390 W. 


21. 2 45 W. 


3 30 E. 


375 E. 


22. 


4 10 W. 


250 W. 


23. 3 10 W. 


3 10 E. 


380 E. 



24. 



179 E. 179 W. 



120 E.' 



Example {d). To find the longitude in, having given the longi- 
tude from and the difference of longitude. 

25. Find the long, in, having given long, from 38° 42' W., and 
diff. long. 384-5' W. 

60)384;5^ long, from 38° 42' W. 

6° 24-5' W. diff. long. 6 24-5 W. 

long, in 45 6"5 W. 

Find the longitude in, in each of the following examples : 

Long, from DiS. long. 

1000-5' W. 

126-6 E. 

220-0 E. 

100-4 W. 

20 W. 



26. 


62°32'E. 


27. 


2 30 E. 


28. 


3 40 W. 


29. 





30. 


179 59 W. 



Answers. 
Long, in 45° 51-5' E. 
4 36-6 E. 
„ 

1 40-4 W. 
„ 179 590 E.* 



* If the difference of longitude found exceed 180^, it must be subtracted from 360°, . 
and the remainder brought into minutes of arc must be considered the difference of 
longitude, with the contrary name attached to it ; this is seen to be correct since in 
the example given long. 179° E.^long. (360° -179°) W. 

* If the long, in exceed 180°, subtract it from 360°, and attach to the remainder 
the contrary name. 
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LATITUDE AND LONGITUDE— TRUE COURSE 



Truk Course. 



We proceed next to give a clear idea of the form of the track True ooupse, 
a vessel makes when proceeding from one port to another ; miless 
prevented by adverse winds and currents such a voyage is usually 
made by steering in one definite direction all the time, which is 
equivalent to saying that the angle between every meridian 
crossed and the ship's track is the same in magnitude. From 
our definition of meridians on page 2 we see that they are not 
parallel to one another except at the equator, but converge to 
points at the poles ; if, then, the track of a vessel, steering a direct 
course from B to L, be represented in fig. 2 as seen from the plane 
of the equator, and also in fig. 3 as seen when looking down from 



Fio. 3. 




a point vertically over the north pole, and if N a s, N d s in fig. 2, 
and N a, N d in fig. 3 represent portions of meridians passing 
through B and L, while n 6 s, n c s and n 6, N c are two among 
any number of parts of meridians which may be supposed to be 
drawn between B and l, the actual track will be represented by 
the lines B G, G E, K L, drawn so that the angles n B G, n g K, 
n K L are all equal ; when, however, we draw similar lines between 
a great number of intervening meridians, the resulting form of 
the track will be a curve making equal angles with every 
meridian. 

This curve is termed the rhumb line,* and the common angle Bhumb line 

* It is also known as the Loxodromic curve or Equiangular spiral, and is of such a 
form that if a vessel oonld maintain one course while sailing round the world, she 
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Distance 



Compass 



Compass 
card 



it makes with every meridian is known as the true course, 
while the length in nautical miles of the curve B L is the distance 
between b and L. 

On similarly drawing a curve, making equal angles with every 
meridian, between two places, m and t, in south latitude, it will 
be seen that, when steering apparently a direct and unchanging 
course from one place to another, the track' of the ship is really a 
curve which is always concave to the nearer pole, except when 
the places are situated north and south of each other, or on the 
equator or the same parallel of latitude when they lie east and 
west of one another. 

From the definitions of course and distance we proceed to 
a description of the instruments by which these elements are 
practically measured, observing that, since no written descrip- 
tion of any instrument can adequately take the place of per- 
sonal inspection, such descriptions will only be given in general 
terms. 

Since the meridians themselves are imaginary circles, the 
course of a vessel evidently cannot be directed by them ; but 
since, by applying certain corrections to the indications given by 
a compass, the positions of these meridians can always be 
ascertained, the course is directed by that instrument.^ 

The mariner's compass is constructed on the principle of 
attaching a graduated circular card to a magnet or combination 
of magnets (usually called ' needles *) placed parallel to one 
another underneath it, so that, when freely suspended, a certain 
point on the graduation points to the northward. The details of 
construction greatly vary, but the form in general use at sea is 
that patented by Sir W. Thomson (now Lord Kelvin) in 1876, 
and known by his name. This is now used as the * standard * 
compass in the Koyal Navy. 

All compasses agree in the card. attached to the magnets being 
graduated on the same plan. The whole circumference is divided 
into thirty-two equal parts, the divisions between them being 
called points, to each of which a distinctive name is given ; the 
intervening spaces are divided into half and quarter points, also 



would only return to the point of departure in the oases of that course being N, 8, E or 
W ; in every other case the rhumb line tends constantly to the nearer pole, but never 
reaches it. 

> The course actually steered in a ship is directed by a compass placed con- 
veniently near the wheel, but constant comparison is made between its indication and 
that of a compass placed in a carefully selected position, and known as the Standard 
compass. 
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POINTS OF COMPASS 



distinguished by names. The point over the north-seeking end 
of the attached magnets is indicated by a fleur-de-lys, supposed to 
be a modified form of a cross.^ 



Fio.4. 



-VfeBt^y 



T^ott^ 




^^^uth 



Good compass cards have also another graduation in degrees, 
the card being divided into four quadrants ; the zero points are 
at both north and south, and the degrees are marked on the edge 

^ In ancient treatises on Navigation the east point is treated as the principal point 
on a compass card. The mariner's compass is said to have been known to the Chinese 
in B.C. 2680. 
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ITaxnes of 
points 



Examples 



of the card, numerically increasing in both directions to 90'' at 
east and also at west. 

The names of the points of the compass must be thoroughly 
impressed on the memory, and the reader should accustom him- 
self to remember the order of names repeated either directly or in 
reverse order (familiarly known as 'boxing the compass'), to 
facilitate which a representation of a Thomson compass card is 
here given. 

The north, east, south, and west points are known as cardinal 
points, and those equidistant from them (north-east, south-east, 
south-west, and north-west) are termed quadrantal points. 

The points having been thoroughly learned, the reader should 
then learn the names of the subdivisions, which, together with 
the connection between the two systems of graduation, will be 
found in Inman's tables, No. 1, which table should be studied in 
connection with the preceding figure. 

Having acquired familiarity with the names of both the points 
and their subdivisions, this important subject should be again 
considered in the following way : 

The points of the compass are frequently referred to with 
respect to their position or bearing to the right ovMft of the 
cardinal points towards which the spectator is looking : thus, 
suppose the compass card to represent the horizon, and the spec- 
tator to be placed in the centre of the card and looking towards 
the north, then a point such as N.E. is said to be 4 points to the 
right of N. (written thus — 4 r. N.) : E. by N. is 7 points right of 
N, or 7 r. N. If the spectator is looking towards east, then N.E. 
is 4 left of E. or 4 1. E., E.N.E. is 2 left of E. or 2 1. E., and 
so on. 

31. Eequired the bearings of the following points — first, from 
North ; second, from East : 

N.N.E. N.E. by N. N. by E. N.N.W. N.W. W. by N. 



Bearings N.N.E. 
from or 

North... 2 r. N. 
East 6 1. E. 



N.E. by N. 
or 

3r. N. 
5 1. E. 



Answers. 

N. by E. 
or 



N.N.W. 
or 



N.W. 
or 



W. by N. 
or 



Ir. N. 21. N. 41. N. 7 I. N. 
7 1. E. 10 1. E. 12 1. E. 15 1. E. 



32. Eequired the bearings of the following points from Norths 
East, South, and West respectively : 

S.byE. S.E.byS. S.E.byE. S.S.W. W.byS. E.S.E. 
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Bearings 


S. by E. 


S.E by S. 


R.F.. by B. 


S.S.W. 


W. by 8. 


E.S.E. 


from 


or 


or 


or 


or 


or 


or 


North 


...15 r. N. 


13 r. N. 


11 r. N. 


14 1. N. 


9 1. N. 


10 r. N 


East 


... 7 r. E. 


5 r. E. 


3r. E. 


10 r. E. 


15 r. E. 


2r. E 


South 


... 1 1. S. 


3 1. S. 


5 1. S. 


2r. S. 


7r. S. 


61. S. 



West ... 9 1. W. 11 1. W. 13 1. W. 6 1. W. 1 1. W. 14 1. W. 

33. Eequired the compass names of the following points : 
2 r. N. 5 1. N. 3 r. S. 12 r. S. 5 r. E. 4 1. W. 

Answers, 

2 r. N. or N.N.E. 3 r. S. or S.W. by S. 5 r. E. or S.E. by S. 

51.N.orN.W.byW. 12r. S.orN.W. 4 1. W. or S.W. 

Each point of the compass being subdivided into quarter 
points, and named from the adjacent points, 2i^ points to the right 
of north is N.N.E.^E. ; 7| points to the left of north is W.JN. 

34. Eequired the bearings of the following points — first, from 
North ; second, from East : 

N.N.E.JE. N.|E. E. byN.iN. N.E.^N. N-W.^W. N.fW. 

A7iswers. 



Bearings N.N.E.^E. 


N.JE. 


E. by N.iN, 


N.E.iN. 


K.W.JW. 


N.JW. 


from or 


or 


or 


or 


or 


or 


North ...2i r. N. 


f r. N. 


Gi r. N. 


3i r. N. 


4i 1. N. 


^1. N. 


East ...5| 1. E. 


7i 1. E. 


li 1. E. 


4i 1. E. 


12i 1. E. 


8^ 1. E. 



Examples 



35. Required the bearings of the following points — first, from 
South ; second, from West : 

S. byE.iE. S.S.E.fE. S.^W. S.W. by W.fW. W. by S.fS. 

Ansicers, 

Bearings S. by E.JE. S.S.E.fE. S.fW. S.W. by W.}W. W. by S.fS. 

from or or or or or 

South...li 1. S. 2J 1. S. I r. S. 5| r. S. 6^ r. S. 

West ...9i 1. W. lOf 1. W. 7i 1. W. 2^ 1. W. IJ 1. W. 

36. Required the compass names of the following points ; 

2i r. N. li 1. N. lOi r. S. 7J 1. N. 3^ r. S. 3^ 1. S. 
6i r. S. lOi 1. S. 14f r. N. 8 r. N. 8 1. S. 15^ r. N. 

Answers, 

2{ r. N. or N.N.E.JE. lOJ r. S. or N.W. by W.JW. ^ r. S. or S.W.JS. 

6J r. S. or W. by S.JS. 14} r. N. or S. by E.^E. 8 1. S. or East. 

1} 1. N. or N. by W.fW. 7} 1. N. or W.JN. 3^ 1. S. or S.E.JS. 

lOJ 1, S. or N.E. by E.JE. 8 r. N. or Ea&t. 15.^ r. N. or S.JE. 
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The compass card with attached magnets is mounted on a 
pivot, balanced so as to lie parallel to the plane of the horizon, 
and enclosed in a brass bowl with a glass cover, on the inside of 
which towards the ship's head is drawn a narrow vertical line 
iTLbber line called the lubber line, carefully painted so that a line joining it with 
the centre of the compass card shall be parallel to a line from the 
stem of the ship to the middle of her stem (technically known as 
afore and aft line). 

The binnacle, in which the compass bowl is suspended, being 
part of the ship, the lubber line moves with every movement of 
the ship's head ; the freely suspended compass points steadily to 
the northward, so that the graduation of the card under the lubber 
line indicates the direction of the ship's head, or its angular dis- 
tance in points or degrees from the north point of the compass : 
this is known as the compass couese ; it would also indicate the 
true course if the north point of the compass card always pointed 
to the true or geographical north ; this, however, is seldom the 
case, but, as the amount of such error is always known, we see 
that with this instnmient, by applying a known correction, we 
can always ascertain the angle the ship's track makes with the 
meridian. 



Compass 
cotirse 



liOgship 



Measurement of Distance Eun. 

The earliest attempts to measure the distance run by a ship 
were made by attaching a line to a log of wood,* which on being 
thrown overboard remained stationary in the water, while the 
onward progress of the ship carried over a certain length of line in 
a certain measured interval of time, from which the speed could 
be calculated. A slight modification of the original method was 
afterwards introduced, by what is known as a log ship being sub- 
stituted for the original log of wood. This method of measuring 
distances, though rough, is still used. 

The log ship is usually made of thin wood in the form of a 
sector of a circle of about 5 inches radius, and weighted with lead 
on the curved side so as to float upright ; the log line attached to 
this is divided into equal spaces called knots.^ 

* First mentioned in Bourne's Regiment for the Sea^ published in 1577. A very 
ancient mode of measuring a ship's speed through the water was by what was termed 
the Dutchman's log. 

A log of wood was thrown from the bows of a ship and the time noted when it 
came abreast of each of two marks on the deck at a carefully measured distance 
apart. 

' The divisions of the log line do not conmience at the log ship, but at some 
distance from it ; the intervening length is termed stray line. 
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COMPASS AND LOG LINE 18 

In order to ascertain the speed of the ship per hour, the length ijog une 
of each knot on the log line must bear the same ratio to the length 
of a nautical mile that the observed interval of time bears to an 
hour, or 

Number of feet in one knot _ interval of time in seconds 
number of feet in one mile ^ number of seconds in one hour 

so that if the interval be 28 seconds and the nautical mile be 
considered to contain 6,080 feet, 

28 
Length of each knot = --^7--. x 6080=47 feet 3 inches J 
06OO 

It is usual to permanently mark these lengths on the deck, 
frequently comparing the wetted log line with them. 

The interval of time is generally measured by a sand glass, 
consisting of two small glass bulbs connected by a narrow neck, 
which on being inverted allows a carefully adjusted quantity of 
sand to run from one bulb to the other in 28 seconds ; when the 
speed of the vessel is greater than 6 knots a 14 second glass is 
used, and each half knot reckoned as a knot. 

A preferable way is to take the time by a watch. 

This method of ascertaining the speed is technically known as 
heaving the log, and is practised every hour, the actual distance Heaving the 
run during the hour being estimated; though only giving an ^°* 
approximation, especially when steaming at high speeds, the log, 
as affording independent evidence, is always used even when more 
perfect instruments are employed for the same purpose. 

The effect of using a log line incorrectly marked in conjunction Errors of log 
with a correct glass would be : ^^^ 

(1) If the length of the knot is too short a greater number 
would run out in the same interval of time, and the estimated 
speed of the ship would be too great. 

(2) If the length of the knot is too great, the estimated speed 
will be less than the true speed. 

The effect of using an incorrect glass in conjunction with a Errors of 
correct line would be : k1**» 

(1) If the interval of time is too great, more than the true 
number of knots will run out, and the ship will appear to be 
sailing faster than the true speed. 

* Before 1635, when Norwood approximately measured the length of a degree, it 
was the custom to use a 30- second glass with a knot of the log line 42 feet in length. 
The true length, as he showed, should be (for a 30-second glass) 51 feet nearly. 

It is curious to note that hour and half-hour sand glasses were used for keeping 
time on board vessels of the Royal Navy until 1839. 
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(2) If the interval is too short, the apparent speed will be less 
than the true speed. 

The above theoretical considerations may be combined by 
observing that the estimated speed varies directly as the time, 
and inversely as the length of the knot.* 
Brampie 37. If the length of each knot on the log line is 45 feet and the 

sand fjlass runs out in 31 seconds, what is the true distance corre- 
sponding to a recorded distance of 150 miles ? 

True distance= — --^ — ^_^=129*7 miles. 
31 X 47 

Sxampie 38. If the sand glass runs out in 26 seconds and the knot on 

the log line is 49 feet long, what would be the recorded distance for 
a true run of 165 miles ? 

Eecorded distance^ - 'z:^ " -- =147 miles. 
28x49 

Patent logs To obtain a contimums record of speed and distance run the 

PATENT log ifl used ; there are numerous forms of this instrument, 
but they are mostly based on the indications given by the revolu- 
tion of a small fan or screw, connected by a line with a case 
enclosing clockwork, which indicates on a dial plate the revolu- 
tions made. 

The instrument is towed overboard and occasionally hauled in 
and read oflf. The onward progress of the ship causes the screw 
to revolve, and, since from its form a certain number of revolutions 
•corresponds to a nautical mile, the dial plate, having small rotating 
hands, somewhat similar to those of an ordinary gas meter, can 
be graduated so that the distance run can be read oflf with con- 
siderable accuracy.* 

Patent logs generally have a small index error, which can be 
tested only when in sight of land by comparing a distance 
indicated with that measured on a chart between two known 
positions of the ship ; this is only applicable when there is no 
current or tide, or when a sufficiently long run can be made to 

1 For examples on these theoretical sources of error, see Goodwin's Problems in 
Navigation and NauHcal Astronomy, 

' A form of patent log known as Walker's taffrail log is now supplied to H.M. Navy. 
The principle of this is that of a rotating fan or screw, but the indications can be read 
off without hauling in the instrument. It may be interesting to note that in Bourne's 
Inventions and Devices, 1578, there is a description of a proposed patent log regulated 
by a revolving wheel enclosed in a case to be towed astern of a ship, and in which the 
recording apparatus appears to be precisely similar to that used at present. 

No further mention of such a valuable instrument appears until 1773, when 
Captain Phipps took two on trial in his Arctic voyage. These were of very similar 
construction to Walker's hai-poon log, formerly supplied to H.M. ships. 
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eliminate the effect of the latter by experiencing the influence of 
two tides in opposite directions ; the index error varies with the 
speed of the ship, and at very high speeds no form of patent log 
gives satisfactory results. 

Under ordinary circumstances (especially in paddle-wheel 
steam vessels) the number of revolutions of the engines affords 
an excellent guide both as to present speed and distance run. 

In localities where the currents are uncertain the course and Oround log 
distance made good is sometimes found in shoal water by attaching 
a lead to the log line. When thrown overboard this remains 
stationary on the bottom, and the compass course made good will 
be obtained by reversing the bearing of the direction of the line, 
since the vessel will be set away from the position of the lead 
partly by her own progress and partly by the current. 

The speed is obtained in the same way as with the ordinary 
log line. 

Note. - The course (true) steered is the angle between the meridian and the direc- 
tion of the ship's head ; the course (true) made good is the angle between the meridian 
and the ship's real track over the ground. 
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VARUTION OF COMPASS 17 

by the fact that the south point of Africa, on its discoveiy in 
1497, received the Portuguese name of L'Agulhas, or the Needle, 
from the fact of the compass in its vicinity pointing to the true 
north ; at present in the same position the variation is 31^ W. 

Our knowledge on these two important points is embodied in variation 
a Variation chart,^ of which a reduced copy is shown on Plate 7. 
For facility of reference, places where the same amount of varia- 
tion exists are joined by curved lines, those indicating easterly 
error being distinguished in character from the curves of westerly 
variation, and the amount in degrees shown on each fifth curve. 

In order to know the variation at any position of a ship when 
far from land, that position should be placed on this chart by its 
latitude and longitude, when the required amount maybe read off ; 
this will be the variation corresponding to the year in which the 
chart was published. A further correction for the changes which 
have occurred since then will be taken from the small diagram on 
the upper part of the Variation chart.^ For the convenience of 
navigation when near the land, on the coasting charts then used, 
compass cards are depicted representing the north point drawn 
eastward or westward of the meridian by an amount equal to the 
variation at the place. 

To illustrate the method of applying the variation we will sup- AppUoation 
pose a vessel to be in lat. 10** 00' S., long. 20° 00' W., and wishing of variation 
to steer N. 45** E. true. On placing this position on the Variation 
chart the variation is seen to be 21** 40' W., corresponding to the 
year 1895, in which the chart was published. On referring to 
the upper small diagram in the given position the annual change 
is seen to be +3', or increasing 3' annually; hence the variation at 
this position in 1898 is 21*^ 49' W. (approximately 22°) .» Now if 
N 3 (fig. 5, page 18) represents the meridian passing through the 
ship, and N^ Sj the direction of the north and south line on the 
compass card (making an angle of 22° with N s), it is evident that 
when steering a true course of N. 45° E. the direction of ship's 
head by the compass * will be N. 67° E. Similarly if wishing to 
steer north (true) the compass course must be N. 22° E. 

> The first Variation chart was drawn by Halley in 1700, when it was hoped that 
a comparison of the variation observed in a ship with that shown on the chart would 
be a valuable means of ascertaining the longitude. 

^ These annual changes are shown on Plate 7. 

* Courses and the corrections to be applied to them are practically only required to 
be known to the nearest degree. 

^ Throughout these remarks on the effect of Variation we assume that the compass 
is not affected by Deviation, As these errors do in reality occur together the subject 
will be again considered from that point of view. 

G 
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To further illustrate this important point, suppose a vessel in 
lat. 40^ 00' S., long. 150"* E., to be steering by compass N. 55^ W., 
and we require to know the true course. On reference to the 
Variation chart, as before, it is found that in 1895 the variation is 
9^ 48' E. (approximately 10^ E.). 

Similar letters being used as before, on referring to fig. 6, 
it will be evident that, since the north point of the compass 
card is drawn 10** to the eastward, a compass course N. 55** W. 
corresponds to a trvs course N. 45** W. ; also if steering North by 
compass the true course will be N. 10** E. 

From these considerations the practical rules follow, that when 
the variation is easterly the correction to a given compass course 





Magnetic 
course 



in order to find the true course must be applied to the righty by an 
observer supposed to be at the centre of the card and looking at the 
point under the lubber line, and vice versd when the variation is 
westerly. 

Also when desiring to steer a certain true course, the corre- 
sponding compass course will be found by reversing the above 
process. 

The direction towards which the north point of a compass 
points (if unaffected by deviation) is termed Magnetic North, and 
the course indicated the Magnetic course, sometimes called the 
' Correct Magnetic course,' or the magnetic direction of the ship's 
head. 

The variation is always represented in degrees, while the course 
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VARIATION OF COMPASS 19 

is sometimeB estimated in points and sometimes in degrees. Ex- 
amples of correction in both cases will be given. 

Eule (a). To find the magnetic course y the true course being Praotioai 

roles 

given. 

Easterly variation allow to the left. 
Westerly „ „ right.- 

Eule (6). To find the true course, the magnetic course being 
given. 

Easterly variation allow to the right. 
Westerly „ „ left. 

1. Find the magnetic course, having given the true course Examples 
N.E.^E. or N. 61^ E. and variation 11° easterly. 

pts. qrs. 

True course 4 2 right of north or N. 5V E. 

Variation 1 lef t or 11 E. 

Magnetic course ...3 2 right of north or N. 40° E. or N.E.^N. 

2. Find the true course, having given the magnetic course 
N.W.iW. or N. 61° W. and variation 36° westeriy. 

pts. qrs. 

Magnetic course ...4 2 left of north or N. 51° W. 
Variation 3 1 left or 36 W. 



True course 7 3 left of north or N. 87° W. or W.^N. 

Find the magnetic course in each of the following examples : 
True Ck)nr8e. Var. Answers. 

3. N.N.E.iE. 3°W. N.N.E.fE. or N. 31° E. 

4. N. 17 E. N. by W.^W. „ N. 17 W. 

5. S.8.W. 22 W. S.W. „ S. 46 W. 

6. S.W. S.W. „ S. 45 W. 

7. N. by W.iW. 14 W. N. 

Find the true course in each of the following examples : 
Magnetic Course. Var. Answers. 

8. N.N.E. 25° W. N.JW. or N. 2° W. 

9. N.W. 20 E. N.N.W.iW. „ N. 25 W. 

10. S.W.JW. 17 E. W. by S.|S. „ S. 70 W. 

11. S. 22 W. S.S.E. „ S. 22 E. 

12. W. 28 E. N.W. by W.^W. „ N. 62 W. 

It is of the utmost importance to be able with facility to Fixed and 
express compass courses as true courses or as magnetic courses, and ^o'^^i® 

« C3 ' compass 

vice versd. As the same rules apply to the method of correction oards 

c2 
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Deviation 



Magnetic 
meridian 



both for variation and deviation, the reader is advised in each of 
the above examples to draw a figure similar to figs. 5 and 6, or to 
use the fixed and movable compass cards on Plate 1,* when the 
movable card, representing the compass card of the ship, should 
be turned until the north point is separated from the north point 
of the fixed card (representing true north) by an arc equal to the 
given variation (East or West), when the connection between any 
magnetic course on the inner card and the corresponding true course 
as shown by the outer fixed card will be at once seen. 

Deviation of Compass. 

Deviation is an effect of the magnetic attraction on the com- 
pass of the iron used in constructing a ship ; this attraction mani- 
fests itself as the ship swings round by drawing the north point 
of the compass card eastward or westward of the direction in 
which it would otherwise point, which direction we have defined 
as the Magnetic North. 

Hence we see that the variation is the angle between the true 
meridian and the magnetic meridian, the plane of the latter being 
that of the vertical circle in which the compass needle would rest 
if undisturbed by the magnetism of the ship, while the deviation 
is the angle between the magnetic meridian and the actual north 
and south line shown by the compass card as disturbed by the iron 
in the ship. 

The variation is of course unaffected by the direction of the 
ship's head, its amount being dependent only on geographical 
position, but the deviation (being caused by the ship) changes in 
amount as she turns round. Usually there are two directions of 
the ship's hea.d on which there is no deviation, or where that 
direction as shown by compass differs from the true direction only 
by the amount of the variation ; similarly there are usually two 
directions of the ship's head where the deviation is large, in many 
ironclads amounting before correction to from 40** to 60**. 

As those causes which produce such large deviations on some 
points decrease the directive force by which the compass points to 
the northward when the ship's head is on other points, it would 
not only be inconvenient but dangerous to attempt to navigate a 
ship under such circumstances ; means, however, exist by which 
these deviations can be greatly reduced in amount, and in some 
cases almost completely corrected. 

' The same practical mode of illustrating the e£Fect of variation is found in Nor- 
wood's Seaman's Practice, 1669. 
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This important part of the art of navigation is fully described 
in the works mentioned in the foot-note,^ while the means by 
which the deviation itself is obtained will be found in the Appen- 
dix ; * having been determined, it is tabulated as follows. 







Deviation Table.* 


11. 

Deviation 




I. 

Ship's Head, or Coarse by 


II. 

DeTlatlon of the 


I. 

Ship's Head, or CSourse by 


(the 


the Standard Gompaos 


Standard Oompus 
3° 10' W. 


1 the Stendaid Compass 


Standard Compass 


North 


! South 


3» 10' 


E. 


N. by E. 

N.N.E. 


2 


35 E. 


i S. by W. 


5 


E. 


8 


10 E. 


S.S.W. 


3 


w. 


N.E. by N. 
N.E. 


13 


10 E. 


S.W. by S. 
S.W. 


6 30 


W. 


16 


50 E. 


9 40 


W. 


N.E. by E. 

E.N.E. 


19 


30 E. 


1 S.W. by W. 
W.B.W. i 


13 


W. 


20 


30 E. 


16 10 


w. 


E. by N. 


21 


5 E. 


1 W. by S. 1 


19 15 


w. 


East 


20 


20 E. 


1 West 


21 10 


w. 


E. by S. 


19 


15 E. 


i W.byN. 


23 20 


w. 


E.S.E. 


18 


5 E. 


1 W.N.W. • 1 


24 


w. 


S.E. by E. 


16 


30 E. 


N.W. by W. 
1 N.W. 


23 35 


w. 


S.E. 


14 


40 E. 


22 


w. 


S.E. by S. 
S.S.E. 


12 


5 E. 


' N.W. by N. , 
i N.N.W. 1 


19 


w. 


9 


40 E. 


14 50 


w. 


S. by E. 


6 


E. 


N. by W. j 


9 15 


w. 



Since those causes which produce the deviation are liable to 
change from the effects of time, change of geographical position 
of the ship, firing heavy guns, redistribution of stores or cargo, 
&c., the deviation table requires constant correction, and every 
available means should be employed to constantly examine and 
rectify it {see Chap. XI.). 

We now give rules and examples on the mode of appljdng the 
correction for deviation, advising the reader both to draw figures 
similar to figs. 5, 6 on page 18, and to test the results by the fixed 
and movable compass cards on Plate 1.* As the course is some- 

' Evans's Elementary Manual and Towson's Practical Information ; there is also 
a valuable chapter in Lecky's Wrinkles in Navigation, The mathematical theory will 
be found in the Admiralty MamuU of Deviation of the CompasSy and an elementary 
manual for use of sub-lieutenants is supplied by the Hydrographic office. 

' In an article contributed by Captain E. W. Creak, B.N., F.B.S., Superintendent of 
Compasses, Admiralty. 

^ The deviations in this table are greater than those which H.M. ships generally 
have, but *it is to be noted that frequently vessels which leave England with small 
deviations have, unless the compass is frequently corrected, large deviations in high 
southern latitudes. 

^ In using these cards for correction of deviation the outer fixed card must be con- 
sidered as pointing to the magnetic north, and the north points of the cards separated 
by an arc equal to the given deviation. 
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times given in points and sometimes in degrees, specimens of 
correction for both cases will be given. 

Eule (a). To find the magnetic course, having given the 
compass comrse and the deviation. 

Easterly deviation allow to the right. 
Westerly „ „ left. 

13. Correct the compass course W. by S. for deviation 19** W. 
(known from table on page 21). 

pts. qrs. 

Compass comrse 7 right of S. or S. 79^ W. 

Deviation .1 3 left 19° W. 

Magnetic comrse 5 1 right of S. or S. 60 W. or S. W. by W^W. 

14. Find the magnetic comrses in the following examples, 
taking the deviation from the table on page 21 : 

Compass Courses, 
N.N.E. ; N. 62° E. ; E. by N.; S. 30° E. ; S.W. ; N. 80° W. ; N.N.W. 

Answers : 

N.N.E.fE.; N.82*>E.; E.fS. ; S.19°E.; S.W.fS. ; S.77°W.; N.W.fN. 

Eule (6). To find the compass course, having given the 
magnetic course and deviation. 

Easterly deviation allow to the left. 
Westerly „ „ right. 

15. Eequired the compass course, the magnetic course being 
N.E. by E. or N. 56° E. As a first approximation the deviation 
is looked out from the table on page 21 for the magnetic course 
and appUed thus : 

pts. qrs. 

Magnetic course 5 right of north or N. 56° E. 

Deviation for N.E. by E 1 3 left 19° E. 

Compass course nearly I^' 1 "ght of north or N. 37° E. 

^ (N.E.|N. 

That this is only an approximation follows from the considera- 
tion that if we steer by compass N.E.|N., on applying the devia- 
tion due to that point (15° E.) the resulting magnetic course is 
N. 52° E., differing from that required, the reason of this difference 
being that the original deviation applied was in error ; if, however, 
we now apply to the given magnetic course the deviation due to 
N.E.|N. (the approximate compass course) the result will be 
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N.E.^N. or N. 41** E., which will be found on correction to agree 
with the given magnetic course. 

Where the change of deviation on adjacent points is small this 
recorrection may be neglected.* 

16. Bequired the compass courses in the following examples, Examples 
the magnetic courses being — 

North; N.410E.; E2IJS.; S.19°E.; S.8.W.iW.; S.62«W.; N.70*>W.; N. by W. 

Answers : 

N. JE. ; N. SV E. ; N.E.JE. ; S. 80^ E. ; S.W. by S. ; S. 81*> W. ; N. 48« W. ; N.JW. 

Having now illustrated the modes of application of variation combined 
and deviation separately ^ two figures will be given showing their ®^^ ?^ 
united action, since in practice in almost all cases, they have thus and devia- 
to be considered. ***>^ 

Fio.7. 





In both these figures N s represents the true meridian, and 
Nj Si the magnetic meridian or direction in which, but for the 
influence ox the ship, the compass would point, the variation in 
fig. 7 being 15^ W. and in fig. 8, 25*'E. 

A B in both figures represents the north and south line on 
the compass card, the deviation in fig. 7 being 5** W., and 10** W. 
in fig. 8. 

In converting a compass course into a true course it is 

^ The method of oonverting oompasa courses into corresponding magnetic courses 
■and vice vend, by means of Napier's carve and the Straight line method, is described 
on pages 24 and 100. 
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immaterial which correction is applied first, or whether they are 
applied together ; but in converting a true course into a compass 
course the variation should be first applied and then the devia- 
tion.* 

The following numerical examples are appended, for which 
rules have already been given ; the deviation to be taken from the 
table on page 21. 
Bxampies Find the true course in each of the following examples : 





Compass Coarse. 


Var. 


Answers. 


17. 


N.N.E. 


25° W. 


N.p. 


18. 


N. 45° W. 


19 E. 


N. 48° W. 


19. 


S.W.fW. 


17 E. 


S.W. by W.iW. 


20. 


S. 


22 W. 


S. 19° E. 


21. 


W. 


28 E. 


W.iN. 


?ind 


the compass course in each of the following exam 




Tnie CouTse. 


Var. 


Answers. 


22. 


N. 28° E. 


3° W. 


N. 22° E. 


23. 


N. 


17 E. 


N. by W. 


24. 


S.S.W. 


22 W. 


S.W. by W.iW. 


25. 


s.w. 





S.W. by W.^W. 


26. 


N. 14° W. 


14° W. 


N. 3° E. 



Note.*— Experience having proved the great value of the free use of Napier's 
diagram when dealing with the large deviations sometimes found in iron ships, the 
following description might prove useful. 

1. The deviations of the Standard Compass on a certain number of points having 



^ In practice, on conmiencing an ocean voyage, the true course to the port of 
destination is taken from the chart and corrected first for the variation at the place of 
departure, and then for deviation in order to obtain the first compass course by which 
to steer. As the voyage progresses and the variation changes, corresponding altera- 
tions are made in the course steered. 

When near the land, the course from a ship's position to the port of destination is 
taken from a magnetic compass drawn on the charts then used ; this only requires 
correction for deviation to give the compass course by which to steer. 

In all cases of calctdating a ship's position (see Chapter V.) the courses steered 
must be converted into true courses. 

As an aid to the memory in applying variation and deviation (in. doing which it 
requires much practice to avoid making errors), it is convenient to embody the 
precepts in the following letters : 

1. If the true course is given to find the compass course, the letters E.T.W. indi- 
cate that easterly variation and deviation are applied to the left, and westerly variation 
and deviation to the right. 

2. If the compass course is given to find the true course, the letters W.C.E. may 
assist in remembering that westerly variation and deviation are applied to the leftj 
and easterly variation and deviation to the right, 

* This note is taken from the Admiralty Manual of Deviations of the Compass. 
An illustration of the diagram is appended at end of this volume representing the 
curve of deviations used in this book. 
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been observed in the manner described in the Appendix, two problems remain to be 
solved in order to derive the greatest advantage from the observations : 1st. From 
observations made on a small number of points to find the most probable value of the 
deviations on the intermediate points. 2nd. From observations made on a large 
number of points to find the most probable value of the deviations on each point. 

2. A graphic solution (which is due to the late J. R. Napier, Esq., FJEI.S.) has the 
advantage of being equally applicable, whether the points on which observations have 
been made are or are not precisely equi-distant. It requires no calculation, and only 
a moderate degree of neat-handedness. 

The method consists of two parts, the diagram and the curve. The diagram is the 
same for all vessels ; it is therefore engraved. 

Description of the Diagram. 

3. The diagram consists of a vertical line of convenient length — say 18 inches — 
divided into 32 equal parts, the divisions representing the 82 points of the compass in 
the following order, beginning at the top : North, N. by E., N.N.E., &c. The line is 
also divided into 860 equal parts, representing degrees, and these divisions are 
numbered from 0° at the top to 360® at the bottom. They are also numbered, 
according to the usual mode of dividing the circumference of the compass card, from 
0® at North and South, up to 90® at East and West. The line may in fact be con- 
sidered as the margin of a compass card out at the North point and straightened. 
The vertical line is intersected at each of the 32 points by two straight lines, inclined 
to it at angles of 60®. One, a plain line, inclined to the right ; the other, a dotted 
line, inclined to the left. 

Requisite Observations to be made. 

4. The least number of observed deviations available for obtaining a complete 
curve are the deviations on 4 points distributed equally, or nearly so, round the 
compass; but, if possible, the deviations should be observed on 8 or more points. 
If the deviations are observed on 4 points only, these should be at or near N.E., 
S.E., S.W., and N.W. The points next in importance are North, East, South, 
West. 

Gases may also occur in which by the ship swinging round at her anchor in a tide 
way, or to the wind, or by the aid of a steam-tug, the deviations may be observed on 
various directions of the ship's head, not being necessarily exact points of the 
compass ; or similarly whilst under steam or sail at sea, a number of azimuths of the 
sun may be observed, and hence the deviation obtained. 

In these cases the graphic method here described furnishes a ready and effectual 
mode of obtaining a result in which the errors of individual observations are as far as 
possible compensated, and any egregious errors eliminated. The following examples 
for constructing the curve of deviation will render intelligible this method. 

Construction of the Curve of Deviations. 

5. The observed deviations are to be laid down on the diagram in the following 
manner. Take, on the vertical line, one of the compass courses on which an observa- 
tion has been made, and lay off the amount of the observed deviation on the dotted 
line which passes through it, or if no dotted line passes through it, then in a direction 
parallel to the dotted lines, to the right if the observed deviation be easterly, to the left 
if westerly, and mark the point so determined with a cross, or dot encircled in ink. 
Observe that the scale on which the deviations are to be so laid off is the same as the scale 
of the vertical line, viz., ^ of an inch to the degree. Perform the same operation for 
each observed deviation. Then with a pencil and a light hand, draw a flowing curve, 
passing as nearly as possible through all the courses or dots encircled ; and when satisfied 
with the curve in pencil, draw it in ink. This is the curve of deviations. 

6. The following rules will serve to facilitate the use of the diagram. 
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BULE I. 

Frcfm a gwen Compass Cowrse^ to find the correspondmg Magnetic Course. 

On the Tertical line take the given compass course. Move in a direction parallel 
to the dotted lines till you arrive at the curve, and then move in a direction parallel to 
ih^plam lines till you get back to the vertical line. The point in the vertical line at 
which you arrive is the magnetic course required. 

Example.— If the Standard Compass course be N.N.E., follow the dotted line of 
that rhumb till it meets the curve, and then return to the vertical line in a direction 
parallel to the 2>2ain line ; it will be found to intersect it at N. 30° 40' E., the required 
magnetic course. 

Rule II. 
From a given Magnetic Course, to find the corresponding Compass Course, 

On the vertical line take the given magnetic course. Move in a direction parallel 
to the plain lines till you arrive at the curve, and then move in a direction parallel to 
the dotted lines till you get back to the vertical line. The point on the vertical line 
at which you arrive is the compass course required. 

Example. — If the magnetic course required be N.N.E., follow the plain lines of 
that rhumb till it meets the curve, and then returning to the vertical line in a direc- 
tion parallel to the dotted line, it will be found to intersect it at N. 16° 50' E. or 
N. by E. ^ E., the required course by Standard Compass. 



Leeway. 

In a steamship when making a voyage in calm weather, or in 
a sailing vessel with a fair wind, the direction of the ship's head 
by compass, when corrected for variation and deviation, correctly 
indicates also the true direction of her track through the water ; 
but when the wind blows on her side, or in any direction except 
from right ahead or astern, it tends to drive the vessel before it, 
and the direction of her head no longer corresponds with that of 
her track ; the angular distance between them, usually estimated 
in points, is termed leeway. 

This is very variable in amount in different ships, and even 
in the same ship under different circumstances, depending upon 
the form of the hull under water and the force and direction of 
the wind; it may generally be disregarded in steamers, except 
when blowing hard. 

As there is no trustworthy method of measuring leeway it is 
estimated by eye, the observer being guided by the visible track 
of the ship in the water astern. Fig. 9 on page 27 will more 
clearly show the nature of this correction. 

In this figure N s represents the true meridian, nob the 
apparent true course or true course steered (found by correcting 
the compass course for variation and deviation), n o Bj, the really 
true course or that made good, which, ovnng to the action of the 
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wind (shown by a double arrow), is in this case 1^ points to lee- 
ward of N g B, the angle A c Aj (=B c B,) being estimated as 1^ 
points. If then the apparent true course be N.E. the effect of 
leeway in this case will be that the really true course made good 
becomes N.N.E.^E. 

Leeway is allowed away from the direction of the wind : thus Pmctioai 
when on the port tack, or with the wind on the port side of the "^® 
ship, it is allowed to the right, and with the wind on the starboard 




side to the left, right and left being estimated on the supposition 
that the observer is at the centre of the compass and looking in the 
direction in which the vessel is proceeding. 

Correct the following courses for leeway, so as to find the true Examples 
courses: 





Apparent Conise. 


Wind. 


Leeway. 


Answers. 


27. 


N.N.E. 


W.N.W. 


li pts. 


N.E.iN 


28. 


N.W. 


N.N.E. 


2 


W.N.W 


29. 


E.S.B. 


8. 


^ 


E.iN. 


30. 


E. 


N. by E. 


1 


E.fS. 



Correct the following compass courses for deviation, variation, 
and leeway, so as to find the true courses. The deviation is found 
in the table on page 21, and the variation is supposed to be in 
each example 28** W. 
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Coone. 


Wind. 


Leeway. 


Answers. 


31. 


N.W.iW. 


W.S.W. 


2i pts. 


W. by N.|N. 


32. 


S.E.iE. 


E.N.E. 


2i 


S.E.fS. 


33. 


W.iS. 


S.S.W. 


2 


S.W. by W.iW 


34. 


N.^W. 


W. by N. 


H 


N.N.W.iW. 



These examples may be worked out in the following manner : 

pts. qrs. 

Ex. 31. Compass course 4 1. 1. N. 

Deviation 2 1. 

Variation 2 2 1. 

4 21. 

8 3 1. N. , 

Leeway 2 2 r. 

True course .....6 1 1. N. W. by N.|N. 

Note. — Since leeway can only be r<mghly estimated, it is sufficiently accurate when 
the circumstances are such that this correction has to be applied to work to points 
and quarter-points, not to degrees. 

35. Find the true courses in each of the following examples : 









Deviation 
page SI, or 






1 
1 

! 


Compass Oourae 


Yariation 


from 


Leeway 


Wind 


AiiswerB 1 








Napier's 














oorre, 






' 








PUte4) 






1 


N.fB. 
N. 47° E. 


12° 

9 


B. 
W. 




18° B. 


V 


E. by N. 


N. byE. 1 
N.66°E. 


E. by N.JN. 
S. 81° B. 


21 


E. 


2 pt. E. 


Uj.. 


North 


S.E. 


19 


E. 


20° E. 




S. 42° B. 


E. by S.fS. 
S. 51° E. 


12 


W. 


lfpt.E. 


»r 


N.E.byN. 


SJ3.|E. 


18 


E. 


16° B. 




S. 17° E. 


- S.S.E.iB. 
S. 5° B. 


24 


W. 


1 pt. B. 


lipt. 


s!w. 


C'.S.E.iE. 
'^S.20^W. 


21 


E. 


4° B. 







S.fW. 


21 


W. 





1 pt. 


E.S.E. 


S.iB. 
S. 47° W. 


- S. 36° W. 


18 


E. 


7° W. 







S.W.JW. 


24 


W. 


lpt.W. 


H'- 


W.N.W. 


S.iW. 
S. 59° W. 


S. 62° W. 


11 


E. 


14° W. 


• •• 


. W. by S.|S. 
West 


11 


W. 


Hpt.W. 


1 pt. 


South 


S.W.fW. 


20 


E. 


21° W. 





. 


S. 89° W. 


W.^N. 


2 


W. 


2pt.W. 
23° W. 


ipt. 


N.N.W. 


S.W4S. 


N. 78° W. 


5 


E. 





.. • 


S. 84° W. 1 


N.W. by W.f W. 


11 


W. 


2pt.W. 


Ifpt. 


S.W. 


W. by N. 


N. 52° W. 


12 


B. 


23° W. 





, 


N. 63° W. 1 


- N.w.iw; 


19 


W. 


2pt.W. 


Ijt. 


N.N.E. 


W. by S. 


N. 36° W. 


17 


E. 


20° W. 


... 


N. 39° W. 


N.N.W.iW. 
-N. 19°W. 


30 


W. 


lJpt.W. 
13° W. 


ipt. 


West 


W.N.W. i 


35 


E. 





... 


N.3°B. . 


N. by W.]W. 


32 


W. 


lpt.W. 


lipt. 


N.B.byE. 


W.byN.iN.; 
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36. Find the compass course in each of the following exam- 
ples, allowing deviation from the table on page 21, or from Napier's 
curve on Plate 4 : 



True Course 


Variation 


, Answers 


True Coarse 

1 


Variation 


Answers ; 


North 


12° 


E. 


1 N. 6°W. 


I- ■■ 

, S.E. by S. 


12 


W. 


S. 36° E. 


N. 12° E. 


12 


W. 


N. 18° E. 


S. 27° E. 


25 


E. 


S. 70° E. 


N.N.E.JE. 


21 


E. 


! N.6°E. 


South 


30 


W. 


S. 37° W. 


N. 41° E. 


19 


W. 


1 N.43°E. 


S. by W.JW. 


19 


E. 


S. 10° E. 


N.E.iE. 
N. 62° E. 


20 


E. 


1 N. 21°E. 


S. 41° W. 


7 


W. 


S. 62° W. • 


11 


W. 


1 N.54°E. 


S.W. by W.}W. 


21 


E. 


S. 66° W. 


E. by N.JN. 
N. 81° E. 


5 


E. 


1 N. 52°E. 


S. 80° W. 


12 


W. 


N. 64° W. 


4 


W. 


1 N.66°E. 


West 


9 


B. 


N. 76° W. : 


East 


20 


E. 


I N. 61° E. 


W.N.W. 


7 


W. 


N. 40° W. 


E.jS. 


12 


W. 


' East 


1 N. 42.° W. 


28 


E. 


N. 48° W, I 


S. 79° E. 


12 


E. 


' N.68°E. 


N.W.JW. 
N. 34° W. 


34 


W. 


N. 7° W. 


E. by S.}S. 
S. 60° E. 


21 


W. 


1 S.74°E. 


36 


E. 


N. 47° W. 


26 


E. 


N. 74° E. 


N.N.W.JW. 

1 N. 9° W. 


27 


W. 


N. 4° E. 


S.E.)£. 
S. 40^ E. 


4 


W. 


S.67°E. 


4 


E. 


N.7°W. 


8 


E. 


S.66°E. 


1 






I 
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CHAPTEE III. 

Charts and plans — Meroator's chart— Plane charts — Meridional parts— Construction of 
Mercator's chart — ^Laying off courses and measuring distances — Gnomonic projec- 
tion—Plans—Scales of latitude and longitude — Correction of charts —Details of 
charts. 

Charts are representations of portions of the earth drawn on a 
flat surface. Since it is impossible by any method to accurately 
represent such a curved surface on a plane, some distortion must 
necessarily be introduced ; ^ it depends upon the object in view 
where this unavoidable distortion is made. There are various 
modes of making such representations (termed projections), but 
for nautical purposes only two are employed, viz. Mercator*s and 
the Gnomonic projection.^ 

The distinctive character of a Meroator's chart is that the 
meridians, instead of being represented by curves meeting in a 
point at either pole, are depicted as parallel straight lines, drawn 
at the same distance apart in all latitudes as they are at the 
equator, the degrees of latitude shown on the chart being 
lengthened in the same proportion that the meridians are 
separated, so that each small portion of the chart is similar to 
that portion of the globe which it represents.^ 

The advantage of adopting this device is that the real track of 
a ship, proceeding from port to port and steering one continuous 
course, instead of being represented as a curve (previously defined 
as the rhumb line), is correctly shown in direction as a straight line 
joining the two places, the common angle made by the inter- 
section of this line with every intervening meridian being the true 
course steered. 

* A sphere or spheroid has not what is termed a deoelopahle surface — that is 
(unlike a conical or cylindrical surface), when represented as a plane, portions of its 
surface must be distorted either in area or in relative angular position. 

* A description of the principal projections employed in drawing maps will be 
found in Harbord's Glossary of Navigation. See also Plates 2 and 3. 

' Before the adoption of Meroator's projection the degrees of lat. and long, on sea 
charts were everywhere shown equal to one another ; such distortions were known as 
Plane charts. 

Meroator's charts were first drawn by (Gerard Mercator in 1569, and the mathe- 
matical principles of their construction explained by Mr. E. Wright in 1599. 
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To illustrate this important projection by two figures, we will 
represent the rhumb line between two well known places, such 
as Bermuda and the Lizard head, and show the successive steps 
by which it is drawn as a straight line on the corresponding 
Mercator's chart. 

On fig. 10, representing a 
portion of the globe between 
the pole P and equator m N Q R, 
Bermuda is represented at B 
and the Lizard at L, while 
p M, P N, P Q are meridians 
supposed to be drawn very 
near to each other. 

s L and B T are parallels 
of latitude drawn through l 
and B, and B a c L represents 
the rhumb line between those 
places, intersecting the meri- 
dians PN, PQ in A and c, 
through which points portions 
of parallels of latitude da, eg are drawn. 

To represent this rhumb line on a Mercator's chart in fig. 11, 
a straight line Bj T, is drawn to represent B T, but taken of the 
same length as h r, and hence equal to the difference of longitude 
between B and l. 

Distances Bj Gp o^ Kp K^ t^ 
are set off on this line equal 
to M N, N Q, Q R, and through 
Bj G^K, Tj perpendiculars Bj s^ 




Fig. 11. 



Gi Vp K, Fj, and Ti L| are 




drawn to represent the por- 
tions of meridians, s B, v G, 

F K, L T. 

Now in considering how 
to represent a small portion 
of the earth's surface D B G A by a similar figure on the chart, 
since already distortion in one way has been introduced by making 
Bi Gi greater than B g, similarity can only be obtained by repre- 
senting B D by Bi Dp which is increased in the same propor- 
tion. ^ 

If then Di Ai be drawn pe^rallel to b^ Gj, and b^ Aj joined, the 
latter will represent the portion B A of the actual track, and will 
' u N or B, a, = B o X sec. lat. of b. See page 66. 
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make an angle Dj Bj Aj with the meridian equal to the true course 

DBA. 

On considering the next small portion of the track A c, for the 
same reason as before the arc E A must be shown as a longer line 
El Ai on the chart, but the increase of length will be greater than 
in the former case, since the distortion caused by making the 
meridians parallel to one another is greater at c than at a, these 
meridians on the globe being more inclined to one another at c 
than at a. 

Then on drawing Ej c^ parallel to Gj Kj and joining a, Cj the 
portion A c of the rhumb line will be correctly represented on the 
chart by A^ c, ; and since the angle Bj Aj o, will be equal to the 
angle e A c, and therefore also to the angle Dj Bj a„ it follows 
that Ai Cj will be in the same straight line with B, Aj. 

By thus similarly treating each successive small portion of the 
rhumb line we can finally represent it in direction on the chcbrt by 
the straight line B, Lp which will make with every meridian the 
conmion angle s, B^ L^ equal to the true course; B^ Lj will, 
however, obviously exceed B l (the distance) in length. 
Meridional The line Sj B, into which s B, the true difference of latitude, 

difrerenoe of ^^s been extended is termed the meridional difference of 

latitude _ . 

LATITUDE between B and L. 
Meridional Tables known as Tables of Meridional Parts have been con- 

*•'*■ structed, showing the lengths in nautical miles into which the 

true latitude must be expanded when constructing a Mercator's 
chart ; on reference to this in Inman's Tables, No. 7, it will be 
seen that at the equator the length of one mile of latitude on the 
globe is represented by the same length on a Mercator's chart, 
while in lat. 30** the length of the true latitude or distance from 
the equator in miles (30^ x 60=1800) must be expanded to 1888-38, 
and in lat. 60** each mile of true latitude is expanded to tvnce its 
natural length, since in that latitude the meridians passing through 
two places are only half the distance apart that they are at the 
equator. 

It will also be noticed that the meridional diff. lat. between the 
equator and lat. 83** 52' is twice the length of the true diff. lat., and 
that, since in such high latitudes the meridians rapidly approach 
each other, the meridional differences of latitude also rapidly in- 
crease, and the mile of latitude between 89** 59' and 90** becomes 
infinite in length. 

In high latitudes, therefore, charts are not constructed on 
Mercator's but on the Gnomonic projection, which will presently 
be described. 
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NoTB. — The terms Meridional parts and Meridional d^erence of laHHuU pre> 
sentiiig some diffiooltiee to beginners, the following additional definitions are 
given: 

By Meridional parts is meant the ratio which the line representing the latitude 
bears to the line representing one minute of longitude on a Mercator's chart. Meridional 
difference of latitude is the ratio which the line representing the difference of latitude 
bears to the line representing one minnte of longitude on a Mercator's chart. Thus 
when we see from Inman's table that the meridional parts for 10^ are 608*07, it means 
that on a Mercator's chart the line representing the distance from the equator to the 
parallel of 10° is 608*07 times as long as the line on that chart representing one 
minnte of longitude. 

Similarly, on taking out the meridional difference of latitude between 69® and 60"* 
( = 118*38) it means that on a Mercator's chart the line representing the difference of 
latitude between 69° and 60° is 118*28 times as long as the line on that chart repre- 
senting one minute of longitude. 



1. Find the meridional dif- 
ference of latitude, having given 
latitude from 42*» 10' N., and 
latitude in 50*» 48' N. 

lat. from 42^ 10' N. 
lat. in 50 48 N. 
mer. parts...2795-2 N. 
mer.part8...3549-8N. 



2. Find the meridional dif- Examples 
f erence of latitude, having given 
latitude from 3^ 42' N., and 
latitude in 7^ 32' S. 

lat. from 3^ 42' N. 
lat. in 7 32 S. 
mer.part8...222'2N. 
mer. parts...453-3 S. 



mer. 


diff. lat.... 764-6 N. 


mer. diff. lat....676-5 S. 


Find 


the meridional 


difference 


of latitude 


in each of 


following examples : 










IiAt. b<om 


Latin 


Answen. 


3. 


34° 42' N. 


33* 15' N. 


M. D. lal 


;.= 104-9 S 


4. 


14 14 N. 


80 14 N. 




=1041-6 N 


5. 


84 10 N. 


80 30 N. 




=1681-5 S 


6. 


2 8 S. 


3 10 N. 




= 3181 N 


7. 


4 5 N. 


4 5 8. 




= 490-4 S 


8. 





- 2 45 N. 




= 1651 N 



A Mercator's chart is constructed as follows : constmc- 

Draw at the bottom of a sheet of paper a straight line to re- Jl®^ °^ 
present the most southern parallel of latitude required for the chart 
chart ; divide it into equal parts, as degrees, &c., regulating the 
length of each degree according to the scale required : if the chart 
is to be drawn to a scale of one inch or 0*7 inch equal to a degree 
of longitude, make the length of each degree on the line drawn 
one inch or 0*7 inch accordingly. The line so drawn at the bottom 
of the paper we may call the graduated parallel; at each extremity 
of this line erect a perpendicular ; * these perpendiculars are the 

' The aconraoy with which these perpendiculars have been erected will be finally 

D 
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graduated meridians^ on which must be marked the lengths of 
each degree of latitude. 

To obtain the linear measure of the degrees of latitude. 
Write down on a slip of paper, in a vertical column, the 
degrees of latitude which the chart is to contain, beginning with 
the highest degree : take out from Inman's tables the meridional 
parts for each degree, and write them down opposite their corre- 
sponding latitudes ; take the successive differences between the 
first and second, second and third, &c., of these meridional parts, 
and thus make a second vertical colunm. Then, to find the points 
on the graduated meridians through which each parallel of latitude 
is to be drawn, transfer these meridional differences of latitude to 
the graduated meridians, by measuring with dividers on a scale 
the length in inches and decimals of an inch corresponding to the 
number of minutes, &c., contained in each meridional difference of 
latitude taken in order, making a dot on the graduated meridians 
at the extremity of each measure ; connect these dots by straight 
lines : these Will be the parallels of latitude required. 

The intermediate meridian lines are then to be filled in, by 
drawing lines parallel to the graduated meridians through the 
divisions of the graduated parallel, or through every fifth degree, 
or through as many as may be considered sufficient ; a compass 
should then be drawn on the chart (or more than one, if the chart 
is large) ; this will be useful to determine the bearings of different 
points, or for finding the latitude and longitude of the ship when 
her course and distance run are given. To construct the compass, 
take some convenient intersection of a meridian and parallel as a 
centre, and describe a circle with any suitable radius ; mark the 
points of the circumference cut by the meridian with the letters 
N. and S., and complete the compass by inserting the other points 
and half and quarter points.* 

To lay down upon the chart a point whose latitude and longitude 

are given. 

Laying Lay the edge of a ruler ^ along the given parallel of latitude ; 

tiottT ^°'*' Pleasure on the graduated parallel the degrees, &c., between the 

given longitude and the longitude of the nearest meridian line 

tested by aaoertaining that the diagonals of the parallelograms formed by the outer 
parallels and meridians are of equal length. 

* Compasses graduated thus are given on Ocean charts ; those shown on Coasting 
charts are divided from the Magnetic meridian, and usually into degrees as well as 
points. 

' Parallel rulers were invented in 1584 by (Caspar Mordente. 
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drawn on the chart ; apply this difference to the edge of the ruler 
east or west of that meridian as the case may be, and the point 
on the chart whose latitude and longitude are given will be 
found. 

Let it be required to lay down on chart No. 2615 a point Example 
whose latitude is 60° 31' 30" N., and longitude 2° 12' 10" W. 

Place the edge of the ruler over latitude 50° 31' 30" N. on the 
chart, and with a pair of compasses take 2' 10" (the difference 
between 2° 10' and 2° 12' 10", assuming that the meridian line of 
2° 10' is the nearest on the chart), and lay it along the ruler 
towards the left from the meridian of 2° 10' : the position of the 
required point will then be determined. 

In this manner a ship's daily track is usually laid down ; for 
the latitude and longitude being known at noon, her position is 
given at that time, and the entire track during the voyage can be 
seen by connecting, by straight lines, the points on the chart thus 
found. 



To find the course and distance between two given places on the 

chart 

(1) To find the course. — Place the edge of a parallel ruler Laying off 
over the two places on the chart, and keeping one part of the ®°^*"®" 
ruler firm, move the other till the edge passes through the centre 

of the nearest compass described on the chart : the edge thus 
lying on the compass will point out the course between the two 
places. It also may be found by means of the small semicircular 
protractor contained in most cases of mathematical instruments 
in the following manner : 

Place the plain edge of the protractor against the edge of the 
ruler as. it lies upon the two places, and slide it along till the 
centre of the protractor is on one of the meridian lines ; then the 
course in degrees will be seen on that point in the circumference of 
the protractor through which the meridian Une passes. A rect- 
angular protractor will determine this with equal facility. 

(2) To find the distance. — The distance is approximately Measuring 
found on transferring by dividers the space between the two plswes ^^^^f 
on the chart to the side line, or graduated meridian, as nearly mateiy 
opposite the two places as possible : the degrees, &c. (turned into 
minutes), which this space measures on the graduated meridian 

will be the distance required in nautical miles. 

If the places have the same or nearly the same latitude, the 
distance is found more accurately as follows : Take half the space 

D 2 
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Measuring 

distanoen 

accurately 



between them; apply it to the graduated meridian above and 
below the parallel on which the places are situated : the difference 
between the degrees of the extreme points (turned into minutes) 
will be the distance required (nearly) in miles. If the places have 
the same longitude, it is evident that the difference of their lati- 
tudes (or the sum, if they are on different sides of the equator) will 
be the distance between the two places. 

If two plskces A and B are in the same latitude their distance 
apart is accurately measured as follows : Join the two places on 
the chart and lay off with a protractor from either extremity of 



Pio. 12. 



Fio. 13. 








this line an angle equal to the colatitude (90"" — lat.) . Measure from 
that extremity in this latter direction a length b g equal to the 
diff. long, of the places ; the perpendicular distance c D from the 
end of this line to that originally drawn between the places 
measured on the graduated parallel gives the required distance 
accurately. 

If the two places a and b differ both in lat. and long, join 
them and find their diff. lat. in degrees and minutes ; extend the 
compasses to the same number of degrees and minutes on the 
graduated ^araZJ^Z (this is the true diff. lat.). Find the point on 
the line joining the places which is at this perpendicular, distance 
(g d) from a parallel drawn through one of them ; the distance of 
this point from that place (AC) measured on the graduated 
parallel is the true distance required.' 



To jmd the latitude and longitude in by the charts having given 
the course and distance from a given place. 

Fixing Lay down the course on the chart in the manner pointed out 

positions on on page 35. To the line (or edge of the ruler) thus lying in the 
direction of the course, apply the distance run (turned into degrees 

* Given in Wright's Errors in Navigation, 1599; see also fig. 45, page 78. 
Although this method is theoreticaUy accurate, it is to be observed that, owing to a 
certain amoont of distortion inevitably introduced in printing charts, it is more 
accurate to obtain exact distances by calculation, as explained further on. 



chart 
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and minutes if necessary), measured with dividers from that part 
of the graduated meridian which is adjacent to the given place, 
and to that towards which the ship is sailing : this distance so 
taken along the line or edge of the ruler from the place sailed from 
will determine the position of the ship on the chart. 

The following example of constructing a Mercator's chart and ooMtmo. 
of tracing the ship's track thereon is similar to that given at the *ioii of chart 
Boyal Naval College at the examination of sub-lieutenants. 

9. Construct a Mercator*s chart on a scale of one inch = one 
degree of longitude, extending from lat. 54** N. to 58° N., and from 
long. 178° E. to 178° W., and lay down thereon the ship's track 
from a position in lat. 56° 50' N., long. 178° 50' E.— namely, the 
following several true courses and distances : 
True courses rS. byW. E.S.E. N.N.E. N.^E. N.W.byN. W.8.W. 
and distances I 90' 100' 65' 60' 80' 75' 

First, to construct the chart within the given limits. 
This is done by following the directions previously given. 

(1) At the bottom of the paper draw the graduated parallel 
(fig. 14), and divide it into four equal parts each one inch long, to 
represent the four degrees of longitude — ^namely, from 178° E. to 
178° W. — and erect the graduated meridians at each extremity of 
the graduated parallel. 

(2) Subdivide each degree of the graduated parallel into six or 
any other convenient number of equal parts : * if into six, as in the 
diagram, then each subdivision will be 10'. This may now be used 
as a scale of equal parts from which to set off any longitude 
distances on the chart. 

(3) Write down the meridional parts for each degree of latitude 
so as to get the M.D. lat. for each degree, beginning with the 
highest ; thus : 

Lat. 58°.,,merid. parts... 4294 
„ 57 ... „ ...4183...M.D.lat. = lirbetween57°and58° 

„ 56 ... „ ...4074 =109 „ 56 „ 67 

„ 55 ... „ .. 3968... „ =106 „ 55 „ 56 

„ 54 ••. „ ...3865... ,y ^103 „ 54 „ 55 

(4) Transfer the lengths in inches corresponding to 103', 106', 
109', 111', taken off a scale of inches, to the graduated meridians ; ^ 
draw the parallels of latitude and intermediate meridians and 
mark them with their proper degrees, and if it is found that the 

^ On Admiralty charts the degrees are usually divided into ten eqnal parts, and 
similarly the degrees of latitude. 

' These lengths are found by dividing each of the quantities by 60 and multiplying 
the results by the inches of the scale (in this case by one inch). 
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diagonals of the parallelogram formed by the outer parallels and 
meridians are equal, the chart wiU be ready to lay down on it the 
track of the ship— that is, the several true courses and distances 
made during the day. This is done as follows : 

(1) Find the point on the chart corresponding to the place 
the ship sailed from ; thus : 

Lay the edge of a ruler over lat. 56** 50' N. ; and since the 
longitude is 178*» 50' E.— that is, 10' to the left of 179*» E.— with 
a pair of dividers take a distance of 10' from the graduated parallel 
and lay it along the ruler to the left from meridian 179** E. ; 
make a small dot at the point, and the position of the ship — 
namely, lat. 56^ 50' N. and long. 178° 50' E.— is determined. 

(2) To draw the several lines to represent the ship's track : 

From the point thus found draw a line in the direction of S. Laying 
by W. or 1 point west of meridian (179^ E.) ^ and equal in length ^^^ ^^^ 
to 90' remembering to take all the distances from those parts of the 
graduated meridians adjacent to the respective courses. From 
the southern extremity of this line draw a line E.S.E. 100', and pro- 
ceed in the same manner to lay down the several other courses 
given in the question ; when it will be found that the ship has 
arrived at a place in lat. 57** 21' N. and long. 178** 35' E. 

Note. — ^In using a Meroator's chart it will be observed that comparisons cannot be 
readily made by eye of the relative areau of places situated in different latitudes, since 
from the nature of the projection those in high latitudes are drawn on a larger scale 
than those in low latitudes. 

In all latitudes, however, smaU portions of the earth are correctly represented in 
shape. 

Mercator's charts show accurately the relative poaitions of places as regards the 
rhumb line, but not their relative distances from each other. 

Objects which to the eye appear in line will not be so represented on a Meroator's 
«hart unless they are on the same meridian or on the equator. 

Plans of small portions of the earth's surface and generally also anomonio 
maps of the polar regions are drawn on the Gnomonic projection. p«>io«tion 

The appearance and properties of such charts are well 
illustrated by a representation of the north polar regions, to draw 
which, as we have already seen, Mercator's projection is very 
unsuitable, the lengths of successive degrees of latitude increasing 
so rapidly. 

If we suppose a flat sheet of paper A b c d laid on a transparent 
globe (fig. 15), in such a way that its middle part touches the 
north pole p, and an observer to be situated at o, the centre of 
the globe, then the parallels of latitude E L, H n (supposed to be 

Either by drawing a compass, as recommended on page 34, or with a proiractor. 



Digitized by 



Google 



40 



NAVIGATION AND NAUTICAL ASTRONOMY 



visible) will appear on the paper as concentric circles, described 
round p as a centre, while the portions of meridians p M, p q, p t 
will appear on the paper as straight lines p m^, p Qp p t,, radiating 
from p, since they are the edges of planes all of which pass 
through o and p. Such a sheet of paper, when seen from outside 
the globe, will appear as in fig. 16, and it will be observed that 
while the distortion in the appearance of regions very near the 
pole is slight^ this rapidly becomes greater as the distance of the 
paper from the globe increases; also that, for the same reason 
that the meridians appear as straight lines, aU arcs of great circles 
are similarly represented.^ 

On a plan of any place not at the pole the meridians and all 

Fio. 15. 




other great circles will still be represented by straight hnes, but 
the parallels of latitude become curves or portions of ellipses, the 
paper now being supposed to touch the earth at the middle of the 
place represented. 

Plans are not graduated^ — that is to say, meridians and 
parallels are not drawn on them, but measurements of distance, 
latitude, and longitude are obtained from scales. 

* For the purposes of general navigation polar charts are of coarse but seldom re- 
quired, but plans of harbours and smaU islands are also published on this projection. 
In nautical surveying aU charts are necessarily at first drawn on the gnomonic pro- 
jection, since the directions of points of land from each other must be laid down on 
the paper by straight lines, and this is the only projection on which such directions 
are truly so represented. 

> See Plate 3. 
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By the nautical mile we understand a mile of latitude, or, as soaie of 
already defined on page 3, one-sixtieth part of a degree of latitude ; Jiuuiwe*^** 
this increases slightly in length between the equator and poles, 
owing to the form of the earth not being that of a perfect sphere. 

A scale of latitude and distance represents the number of 
inches on the plan corresponding to the length of a mile of lati- 
tude on the earth, the proportion between these lengths being 
chosen when drawing the plan of the place ; usually the length 
of one or more whole miles is shown, together with one mile sub- 
divided into ten equal parts or cables. 

Fig. 17. — Scale of Latitude and Distance. 
locables s o iSeawiU 



U -I 're^^ r 



Differences of longitude on a plan cannot be measured by the Scale of 
above scale, since the same actual length which at the equator ^^'^fif**^^® 
represents a mile of longitude in any other latitude must represent 
more, since meridians are not parallel but inclined to one another. 

For convenience in measuring longitudes a scale similar to 
fig. 18 is usually drawn on plans. 

This scale is formed from the scale of latitude by multiplying 
it by the cosine of the latitude. If the scale of latitude is 4 ins.= 
one mile in lat. 50**, the scale of longitude or length corresponding 
to one minute of longitude =4 ins. x cos 50**. In some cases, such 

Fio. 18. — Scale of Longitude. 

Seconds 
ffo" so" 40" 30" 20* 10 a lUinute 

bz d I I i : I ^1 

as lajdng down positions given in Notices to Mariners, on plans 
having no scale of longitude, the following method is useful : 

Bequired 1^ min. of longitude having only a scale of latitude 
(AB), lat. 30** (Fig. 19, page 42). 

At A make angle B a c = the latitude, or 30**. From lat. scale take 
6 B=li miles of lat., and make A c=6 B. From c drop perpen- 
dicular D. Then a D=li min. of longitude in lat. 30**. 

The natural scale (given on plans as a vulgar fraction) ex- iraturai 
presses the proportion the plan bears lineally to the portion of ®°*^® 
the globe it represents. 

Thus, on a plan drawn on a scale of 3 inches = one mile, if the 
number of feet in the nautical mile at the latitude of the plan is 
6076, then the natural scale=^^|;^,=jj^. 

To illustrate the use of the above scales, it must be remarked 
that the lat. and long, of one point on a plan is always given in 
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the title, and to obtain the position of any other point, if a 
meridian line is drawn through the given point, and a perpen- 
dicular on this drawn from the second, the intercepted part of the 
meridian, measured on the scale of latitude, will give the difference 
of latitude ; and the distance east or west, transferred to the scale 
of longitude, will give the difference of longitude between the 
points. To facilitate drawing these lines, the marginal lines on a 
plan are drawn North and South and East and West true. 

Even when places are east and west of one another, the distance 
between them must be measured on the scale of latitude, as by a 
mile of distance we of course mean a mile of latitude. 



Fio. 19. 
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We proceed now to give some remarks equally apphcable to 
charts and plans.' 

It is important in using an Admiralty chart or plan to know 
up to what date it has been corrected; the copper plate from 
which the impressions are taken is in many cases as old as the 
original survey, and the dates on which alterations and corrections 
Dates of have been made will be found on the printed chart in either or all 
of the following places : 

If the alteration is of such magnitude that those in already 
possession of the chart could not themselves correct it by hand, 
the copper plate is first corrected and new copies issued, with 
instructions to destroy all old copies, the date of such an alteration 
being inserted either in the title or under the lower margin of the 
chart in the middle. 

If the alteration is a smodl one the existing charts are not 
destroyed, but notices (Notices to Mariners or Hydrographic 
Notices) are sent to all H.M. ships for such correction to be 
made by hand ; the copper plate is at the same time corrected, so 

' An interesting account of Admiralty charts will be found in the Jommal of the 
Royal Oeographical Society for 1881, written by a former Hydrographer, the late 
Captain Sir F. J. Evans, B.N., K.C.B., F.R.S. See also " Notes bearing on the naviga- 
tion of H.M. ships.*' 
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that future copies will not be in error, and the month and year 
when such correction was made is engraved in the left-hand lower 
comer of the chart. 

All charts and plans placed in the chart boxes are numbered, Number 
the number being found in the right-hand lower comer, and also 
on the back. 

The title of a chart contains a brief extract of all information Title 
relating to it, together with a full explanation of the abbreviations ^|,|,,evia- 
employed on it. A list of aU the abbreviations used on all tions 
charts is placed in the chart box. 

To facilitate laying down courses on coasting charts, or those variation on 
used when near the land, magnetic compasses are shown having ^J^^* 
the north point drawn east or west of the tme meridian, by an 
angle equal to the variation at the place ; these compasses are 
graduated from the magnetic north, and are divided into points 
and quarter-points, and usually into degrees also. 

The date on which these compasses were made to point correctly 
is given in the title, together with the annual change of variation, 
which should be allowed for when great accuracy is desirable. 

In laying down a compass course on such a chart it is only 
requisite to correct it for deviatum, the resulting magnetic course 
being taken directly from the nearest compass on the chart. 

On looking in from the sea, the first Jirm black line on the High water 
coast represents the high water line ; all to seaward of this covers 
and uncovers. 

All soundings on Admiralty charts are given either in fathoms Soundings 
or feet, as explained in the title, but both are never shown on the 
same chart ; they show in almost all cases the depths at the time 
of low water at ordinary spring tides, so that except at such times 
and at particular seasons of the year ^ there is always a greater 
depth than that indicated* 

All heights are expressed in feet, and measured above the level Heights 
of high water at ordinary spring tides, so that, except at such 
times and the particular seasons previously alluded to, all objects 
are higher out of the water than the figures written against tiiem 
would indicate. 

The distances at which lights are visible are expressed in iiigiits 
nautical miles,^ the observer being supposed at a height of 15 feet 
above high water. If higher above the water the light should be 
seen farther, and vice versd. 

' See page 407. 

* Beference ihoald be made to the Admiralty Light Lists, on the first pages of 
which will be fonnd a full description of the various characteristics of lights. 
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Bearings All bearings given on Admiralty charts are magnetic, and are 

such as would be observed from a ship, or in other words from 
seaward.^ 

Many items of information relating to practical navigation are 
frequently given on each of three different forms, viz., the charts, 
sailing directions, and light lists; where discrepancies exist 
between these, the chart must always be taken as the guide. 

Examples. 
Positions by Latittcde and Longitude. 

10. Upon chart No. 2615, plot the following positions and take 
off the compass courses and distances between each pair : 

jLat 50^ 28' 36" N. i jLat 50° 31' 22" N. 

^- iLong 2 20 00 W.J *^^ (Long 2 17 00 W. 

Ans, Comp. co. N. 40** E. ; Dist. 3-4.' 

jLat 50° 30' 5" N. | jLat 50° 32' 22" N. 

^- ILong 2 20 00 W.f *^^ ILong 2 20 00 W. 

Ans. Comp. co. N. 15° E. ; Dist. 2-3'. 



jLat 50° 29' 00" N. ^ (Lat 50° 29' 00" N. 

^' ILong 2 15 18 W.J *^^ ILong 2 20 30 W. 

Ans. Comp. co. N. 47° W. ; Dist. 33'. 

jLat 50° 30' 10" N. ^ jLat 50° 31' 56" N. 

^- ILong 2 9 8 W.J *^^ ILong 2 3 28 W. 

Ans. Comp. co. N. 64° E. ; Dist. 41'. 

jLat 50° 28' 10" N. i jLat 50° 32' 5" N. 

^- ILong 2 10 30 W.J ^^ ILong 2 4 20 W. 

Ans. Comp. co. N. 46° E. ; Dist. 5-6'. 

jLat 50° 27' 20" N. | rLat 50° 34' 35" N. 

^- ILong 2 8 5 W.I ^^ ILong 2 21 45 W. 

Ans. Comp. co. N. 19° W. ; Dist. 11-4'. 

Note. — In this and examples on following pages the deviation table on page 21 is 
to bensed. 

Positions by Bearing and Distance. 

11. Upon chart No. 2615, place the following positions and 
take off their latitudes and longitudes : 

1. 2 miles, 4 cables S. by W.^W. (magnetic) from Shambles 
light vessel. 

Ans. Lat. 50° 28' 28" N. Long. 2° 19' 36" W. 

* A complete * Catalogue of Charts ' is published annually by the Admiralty, 
together with a supplementary list every two months. 



Digitized by 



Google 



EXAMPLES 45 

2. 3 miles, 2 cables E.JS. (trae) from Breakwater light. 
Ans. Lat. 60** 34' 48" N. Long. 2*» 19' 52" W. 

3. 9 cables S. 47** E. (magnetic) from Portland High Light. 
Ans. Lat. 50*» 30' 56" N. Long. 2^ 26' 0" W. 

4. St. Alban's flagstaff bearing N. 42'' E. (compass), distant 
3i miles. Ship's head N.W. 

Ans, Lat. 50^ 31' 28" N. Long. 2^ 3' 27" W. 

6. Bindon hill summit bearing N. by W.JW. (compass), distant 
2| miles. Ship's head N.E.JE. 

Ans. Lat. 50^ 34' 32" N. Long. 2^ 12' 26" W. 

6. Shambles light bearing S. 86** W. (compass), distant 4^ 
miles. Ship's head East. 

Ans. Lat. 60^ 31' 8" N. Long. 2^ 12' 56" W. 

Note.— The balls on light vessels and the foot of St. Alban's flagstaff are the 
fixed positions. 

Upon the plan of Valetta harbour, Malta (in Ofl&cers* Atlas), 
place the following positions : 

7. 8| cables East (magnetic) from Sliema point. 

8. 7 cables N. 47** E. (true) from Dragut point. 

9. 6i cables N.N.E. (compass) from St. Ebno light. Ship's 
head S. by E. 

10. 1 mile, 8 cables S. 64** E. (magnetic) from St. Julian's 
tower. 

11. 4f cables S. 80° E. (true) from St. Julian's tower. 

12. 7 cables N. 5** E. (compass) from St. Elmo light. Ship's 
head South. 

Mercator*s Charts. 

1. Construct a Mercator's chart upon a scale of 2 inches = a 
degree of longitude, extending from lat. 50** 20' S. to 53** 10' S., 
and long. 3° 10' W. to r 40' E. 

A vessel from a position in lat. 51'' 20' S., long. 00** 40' W., 
steers as follows : 

Ck>mp. Gonrse. Deviation. 

W.|S. 14** W. 

E.S.E. 13 E. 85 „ !■ variation 19° W. 

S.S.W.iW 5 W. 

Eequired the lat. and long, of position arrived at. 

Ans. Lat. 52** 39' S. Long. 00** 18' E. 

2. Construct a Mercator's chart on a scale of 3*7 inches=a 
degree of longitude, extending from lat. 57** to 58** N., and from 
long. 1** to 4** E. 
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A ship sailed from lat. 57** 10' N., long. 1° 30' E., as follows : 

Ma^etic. 

S.S.E.iE. 

Beguired the lat. and long, of position arrived at. 

Am. Lat. 57" 13' N. Long. 3» 29' E. 

3. Construct a Mercator's chart upon a scale of 1*5 inch=a 
degree of longitude, extending from lat. 40° to 45" N., and long. 
178" E. to 178" W. 

A ship sailed from lat. 40" N., long. 180°, as follows : 

Magnetio Conrse. Distanoe. 

N. 38"W. TOmUes) ... ,_„_, 

N. 30 E. 145 „ I '*"**^^^ ^0 ^' 

The current during the whole period set East (true) 85 miles. 

Eequired the lat. and long, of position arrived at. 

Arts. Lat. 42*» 53' N. Long. 177° 53' W. 

4. Construct a Mercator's chart on a scale of 075 inch = a 
degree of longitude, extending from lat. 49** N. to 53** N., and long. 
8** W. to 15° W. 

A ship sailed from lat. 49° 20' N., long. 14° 15' W., as follows : 



Magnetic Course. Distanoe. 

East 102 miles 

E. byN. 68 „ 

E. byN.|N. 40 „ . 



variation 25° W. 



Upon the completion of the last course what is the magnetic 
bearing of a point of land situated in lat. 51° 40' N., long. 
9°24' W.? 

Ans. N. 20° E. 

5. Construct a Mercator's chart upon a scale of 2*5 inches = a 
degree of longitude, extending from lat. 57° 00' N. to 59° 00' N. 
and long. 1° 30' W. to 1° 30' E. 

A ship is 12 miles S.JW. (true) of an islet lying in lat. 58° 20' N., 
long. 0° 50' W., and then steers as follows : 

Comp. Course. Deviation. Distanoe. 

S.S.E. 3° E. 30 miles) 

N.E. byE.JE, 2 E. 50 „ [-variation 22° W. 

N.W. byW.iW, 11 W. 30 „ I 
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How does the islet bear (trae) on completion of the last 
course ? 

Arts. N. 88^ W. 

6. Construct a Mercator's chart upon a scale of 1*5 inch=a 
degree of longitude, extending from lat. 2** 30' N. to 2° 30' S., and 
long. 0° to 4** W. 

A ship sailed from lat. 1*^ 45' S., long. 0** 30' W„ as follows : 

True Course. Distance. 

N. 47^ W. 80 miles 

N. 30 W. 86 „ 

N. 14 E. 60 „ 

A second ship sailed from lat. 1*" 50' N., long. 3** 12' W., as 
follows : 

True Course. Distanoe. 

8. 12** E. 90 miles 

East. 95 ,, 

Bequired the lat. and long, of the position where these tracks 
cross. 

Ans. Lat. 0^10' N. Long. 2° 10' W. 

7. Construct a Mercator's chart, and, laying down the bearings 
and courses, find the latitude and longitude in from the follow- 
ing : 

C. Spartivento (38^ 52' N., 8^ 52' E.) and C. Teulada (38° 52' N., 
8** 39' E.) bore respectively N.E. by E. and N. by W. ; afterwards 
sailed as under : 

True Courses. Distances. 

S.W.fW. 126 miles 

E.S.E. 98 „ 

N.W, byN. 162 „ 

S. byE. 140 „ 

E.JN. 118 „ 

N. byW.iW. 74 „ 

The chart to be constructed on a scale of 1*4 inch to a degree 
of longitude, to extend from latitude 36** N. to 40** N., and from 
longitude 6° E, to 10^ E. 

Observations then placed the ship in latitude 37** 55' N., longi- 
tude 9** 50' E. Find, by projection, the set and drift of the current. 

Find the compass course and distance from the observed 
position to St. Pancras, Cagliari (39** 13' N., 9^ 8' E.), the varia- 
tion being 14** W. and the deviation 4** 10' E. 

8. Construct a Mercator's chart on a scale of 5 inches to 1 
degree of longitude, extending from 54** to 55° N., and from 4** to 
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6° W. At noon Laggon Head bore E.N.E. true, and Port 
Patrick Light S.E. by E.^E. true. Then sailed as follows : 
True Courses. DistaDces. 

S. by E. 37 miles 

N.E.JE. 29 „ 

S. byW.iW. 34 „ 

The Calf of Man then bore W.8.W. true, and Peel Light 

N.W. true. Find, by protraction, the set and drift of the current, 

and the true courses and distances from the ship in her last 

position to Douglas, passing the Chicken and Langness on the 

port hand. 

Latitude. Longitude. 

Laggon Head 54^ 58' N. 5^ 11' W. 

Port Patrick 54 50 N. 5 7 W. 

Calf of Man 54 3 N. 4 50 W. 

Peel Light 64 14 N. 4 42 W. 

Chicken 54 2 N. 4 51 W. 

Langness 54 3 N. 4 38 W. 

Douglas 54 9 N. 4 28 W. 

9. Construct a Mercator's chart on a scale of 3*8 inches=a 
degree of longitude, extending from lat. 53° to 54° N., and from 
long. 4° to 6° 30' E. 

A vessel sailed from lat. 53° 10' N., long. 4° 8' E., as follows : 
Comp. Course. Deviation. IHstance. 

N.E. by E.iE. 2° E. 33 miles) 

E. by N.|N. 3 E. 42 , 

E.iS. 4 E. 14 , 

A light, in lat. 53° 50' N., long. 6° 18' E., was then seen bear- 
ing S.E. by S. (mo^.), and after proceeding 7 miles farther on the 
same course (E.JS.) the light bore S. by W. (mag.). Eequired 
the position of the vessel and current experienced. 

10. Draw a Mercator's chart extending from latitude 49° N. 
to latitude 50° 30' N., and from longitude 4° W. to 7° W. The 
meridional diff. of latitude from 49° to 50° is to be represented by 
5 inches. Lay down the following courses and find the latitude 
and longitude in. 

The Eddystone bore S.S.W. and Eame Head N.W. ; after- 
wards sailed as under : 



variation 16° W. 



True Courses. 


Distances. 


S. by W. 


50 miles 


W.S.W. 


61 „ 


N.W. 


38 „ 


N.E. by N, 


27 „ 
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St. Agnes light then bore West, and the Wolf N. 20" E. 
Find the set and drift of the current. 

Latitnde. Longitade. 

Eddystone 50° 11' N. 4" 16' W. 

RameHead 50 19 N. 4 13 W. 

S.Agnes -49 53 N. 6 20 W. 

The Wolf 49 56 N. 6 49 W. 
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CHAPTEB IV. 

The Protraotor — Station pointer — Cross bearings — Bearing and angle— Position deter- 
mined by angles— Doubling the angle on the bow— Four-point bearings— Danger 
angle. 

In laying down positions on charts, frequent applications are made 
of the Protractor and Station Pointer, the practical use of which 
should be thoroughly learned. 

For purposes of navigation the protractor is usually made in 
one of the following forms : 



Fzo. 20. 



Fio. 21. 




The semicircular protractor (fig. 20) is generally made of horn, 
so that the chart can be seen underneath it. 

The rectangular protractor (fig. 21) is simply a semicircular 
protractor with the edges made square, as illustrated, by removing 
all parts outside the dotted line on fig. 20. 

In both forms the graduations on the edges represent angles 
measured from o a or o B with o as centre. 

In using either form of the instrument the centre o should be 
placed on the point at which it is desired to lay off the given 
angle or course, and the edge a B on the line from which it is to 
be measured. Thus in laying off a magnetic course in degrees the 
centre o is placed over the centre of the compass on the chart, and 
the edge a b laid on the magnetic north and south line ; similarly 
a true bearing or course is laid off, with the edge A b placed on a 
meridian line. 

Usually on rectangular protractors there are given lines of tan- 
gents, sines, secants, &c., by means of which trigonometrical prob- 
lems may be resolved by construction without calculation ; this 
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method of solution is, however, seldom practised in modem navi- 
gation, the results obtained being much less accurate.* 

Scales of equal parts and diagonal scales for decimal division 
are also generally given. 

.' The station pointer is an instrument used to place on a chart station 
a ship's position, determined by two angles observed at the posi- J^®*^*®' 
tion {see page 52). It may be compared to a combination of three 
flat rulers, two of which are movable about a common centre 
both right and left of the third, which is fixed, the angular dis- 
tance through which they are moved being read oflf on an attached 
circular arc. 

In fig. 22, A represents the 
fixed leg from which the mov- 
able legs B and c can be sepa- 
rated by angular distances equal 
to the observed angles taken at 
the ship with a sextant between 
three objects on shore. 

The station pointer being 
then placed on the chart and 
moved until the edges of the 
legs o c, o A, o B pass through 
the positions of the objects ob- 
served, o will be the place of 
the ship at the time. 

An excellent substitute for 
a station pointer ^ is afforded by 
a sheet of tracing-paper having 
a pencil line ruled upon it from 

any convenient point, from which point the observed angles are 
laid off vdth a protractor, one to the right and the other to the left, 
lines at these angles being ruled in pencil ; the tracing-paper is 
then laid over the chart and moved until the three lines ruled 
upon it pass through the positions of the objects observed, when 
the original point from which the angles were laid off is the place 
of the ship at the time. 

> A description of the use of these lines will be found in Heather's Treatise on 
MeUhenuUical Instruments, It would be an advantage if a diagonal scale of inches 
were more generally engraved on protractors. 

' Station pointers are now supplied to every class of ships, and a supply of tracing 
paper is placed in every chart box, together "with a pamphlet fully describing the use 
of the station pointer. 

If the right- and left-hand legs do not both shut up to zero, treat the fixed leg as 
either a right- or left-hand one according to circumstances. 

In an extreme case prick through the positions on the chart and plot on the back. 
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Fixing Positions. 

When in sight of land the position of a vessel is laid down on 
a chart by one or more of the following methods : 

1. By bearings of two or more points on the land taken in 
succession as quickly as possible ; this method is known as that 
by cross bearings} 

2. By the bearing of one point (or where circumstances admit 
of two points when in line) and the angle measured at the same 
time between it and another point ; technically known as bearififf 
and angle, 

3. By measuring with a sextant two angles between three 
points on the shore ; this method is quite independent of the use 
of the compass. 

Fig. 23. 




In applying the first method the two bearings are observed at 
the standard compass and the direction of the ship's head noted. 
Both bearings are then corrected for the deviation due to that 
direction (applying the same correction to each), thus converting 
them into magnetic bearings. Parallel rulers are then laid over 

> The position detennined from the bearings of only ttvo objects should not be 
implicitly relied apon, since any error in the compass is not then apparent; the 
bearing of a third object should always be taken when possible. In torpedo boats, 
when bearings cannot conveniently be observed at the standard compass, they are 
taken with a bearing plate. From the distortion introduced into Mercator's charts 
by representing the meridians parallel to one another, it follows that an observed 
bearing (especially that of a distant object) will not, when laid down on such a chart, 
accurately pass through the position of the object. Practically, however, this 
correction (termed Convergency) need not, except in high latitudes, be applied to 
ordinary coasting charts, which are generally either of small area or on a small 
scale. 
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the nearest compass on the chart in the directions thus indicated, 
and moved until the edge lies in succession over each point 
observed ; the intersection of the lines thus obtained gives the 
position of the ship at the time of observation. 

1. Lighthouse bears N. 10° W. by compass and Tower Example 
N. 65** E. by compass (head S. by E.). The deviation for 8. by E. 

-being 6° E. (see Deviation Table, page 21), the above bearings 
become magnetic N. 4** W. and N. 71** E. ; these are taken ifrom ^ 

the nearest compass on the chart and ruled through the Light- 
house and Tower (fig. 23), their intersection (a) being the position 
of the ship.^ 

In many ironclads the field of view from the standard compass 
is often much restricted by turrets, boats, &c, ; in such a case, if 
vdshing to fix the position by cross bearings of two points, only 
one of which is visible from the compass, the bearing of the other 
point is readily obtained by observing the bearing of any visible 
point, and applying to that the angle (measured by sextant) 
between it and the desired object. 

In the second method of determining a position, viz. by Bearing and 
bearing and angle, the bearing of one point (or of two when in *'*'^® 
line) is observed from the standard compass and at the same time 
the angle (of not less than 30°) measured between it and a second 
point. The bearing, corrected as before for the deviation due to 
the direction of the ship's head, is laid down on the chart as in 
the first method, and at any point on the hne thus ruled the 
observed angle is laid oflF by protractor, and a line drawn in that 
direction. The parallel rulers are then moved parallel to this 
second line, until the edge lies over the point to whifch the angle 
was measured ; the intersection of the line thus obtained with the 
line of bearing gives the position of the ship. 

2. Church bears N.W. by compass, and at the same time the Example 
angle at the ship measured between Church and Windmill is 63? 

<head S.S.W,). The compass bearing, corrected for the deviation 
due to S.S.W. (see page 21), becomes magnetic bearing N. 48** W. ; 
this is laid off from the nearest compass as before ; at any point o 
on this line (fig. 24) the angle 63** is laid off, and on moving the 

^ In the ease where one object (such as a light at night) is lost sight of at some 
time before another light is seen, if the coarse and distance during that interval are 
laid down from the supposed position on the first line of bearing, and a line is drawn 
parallel to this first bearing through the supposed position of the ship ^hen the 
second bearing is taken, then the intersection of this parallel line with the second 
bearing gives the trtte position when that latter bearing was taken ; this is precisely 
similar to the way in which the * run ' is dealt with in Sumner's method {see 
page 887). 
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rulers parallel to the second line thus drawn, until their edge lies 
over Windmill, A will be position of the ship. 

Note. — In fixing positions by either cross-bearings or bearing and angle, oear 
objects should be observed in preference to those more distant, since small errors of 
observation or in laying down the lines on a chart misplace the position more with 
distant than with near objects. 

The third method of determining a position, viz. that by 
angles, has the great advantage of being independent of compass 
bearings, for it may be taken for granted that an angle can 
always be more correctly measured by a sextant than a bearing 
can be observed, especially when a ship is rolling, and whereas 
compass bearings can only be taken at the standard compass,. 

Fig. 24. 




angles can be observed from any part of the ship, an obvious, 
advantage when, as before remarked, in many cases in modem 
vessels of war there are objects which obstruct the field of view 
from the compass. As the latter consideration alone is rapidly 
leading to the more common use of this method we propose to 
illustrate it somewhat fully. 

The information afforded by measuring one angle A o B be- 
tween two fixed points A and B is that the observer is somewhere 
on the arc of a circle described through his position and those of 
the two points ; if the observed angle is less than 90"", as in fig. 
25, the segment of such a circle containing the observer's position 
must he greater ihfivi a semicircle, and if, as in fig. 26, the observed 
angle is greater than 90** such a segment will be less than a semi- 
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circle (Euc. III. 31). In both of the above cases for a certain 
given angle the observer's position must be on the arc A o B, but 
may be at any point on that arc, since the angles in the same 
segment of a circle are equal to one another (Euc. III. 21). 

If, however, at the time of measuring the angle between a 
and B, another angle is measured between b and a third point c, 
and a similar circle described passing through B and c, containing 
the second observed angle, for similar reasons the observer's 
position must lie on the arc of this circle ; hence the true position 
will be where the two circles cut one another.* 

Three cases of this method of fixing positions may be dis- 
tinguished — (1) that in which both observed angles are less than 
90°, (2) where both are greater than 90°, and (3) where one is less 
and one greater than 90°. 

Case 1. — To describe these circles geometrically, suppose that 
an angle of 40° has been measured between a and b (fig. 27) ; 

Fig. 25. Fio. 26. 

C. 





then, since this is less than 90°, the centre of the required circle 
must lie between the observer and a line joining A b,* and if D is 
the centre, the angle A D b being the angle at the centre of a circle 
will be 80°, or double the angle at the circumference (Euc. III. 
20), Hence each of the equal angles D a B, D B a will be 50°, or 
the complement of the observed angle. 

Therefore in this case if A and B be joined, and from each 
extremity of the line A b the complement of the observed angle 
be laid off towards the observer, the intersection of these lines 
will be a point D, from which as centre, with radius equal to D A 
or D B, a circle may be described the segment of which a o B will 
contain an angle of 40°. 

In a precisely similar manner a circle may be drawn through 
B and of which a segment B p c contains a second acute angle 
of 60°. 

' In practice a third angle is always observed as a check, or a bearing of one of 
the objects is taken. 

' The relative apparent positions of a and b with regard to right and left determine 
apon which side of ab the observer is situated. 
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If then the angles 40"^ and 60"" be observed at the same instant 
between a and b and between B and c respectively, the inter- 
section of these circles in q must be the position of tiie observer. 

Case 2. — In the second case where both observed angles 
exceed 90** the centres of the circles will both lie on the sides of 
the lines joining the points remote from the observer, and the 
position required must be within the triangle formed by joining 
these points. 

Suppose that an angle of llS** has been measured between A 
and B (fig. 28). The observer must be situated on the smaller 
segment of the circle passing through his position, A and B, and 
containing an angle of 115*" (Euc. III. 31) ; the angle in the 
larger segment will therefore be 65**, or the supplement of 115** 
(Euc. III. 22). The angle at f, the centre, being double of this, 

Fig. 27. 




or 130**, each of the equal angles F B a, f A B will be 25^, which is 
the excess of the observed angle 116** above 90*. 

Hence in this case if a and B be joined, and from each 
extremity of the line a b the complement of the observed angle be 
laid oSfrom the observer, the intersection of these lines will be a 
point F, from which as centre with radius equal to f B or F A a 
circle may be described the segment of which A q b will contain 
an angle of 115**. 

In a similar manner if at the time the angle between A and B 
was measured an angle of 120® was observed between B and c, a 
circle whose segment contained that angle may be described ; 
the intersection of these circles in Q gives the position of the 
observer. 

Case 3. — In the third case, where one angle is less than 90*" 
and the other greater, the first circle would be drawn as in Case 1 
and the second as in Case 2. 
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A position can always be thus determined except in the case 
where the observer and the three objects he near or on the arc of 
the same circle, when the two circles thus drawn will nearly or 
quite coincide. 

The position of a ship may be always well determined under 
the following circumstances : 

(1) When inside the triangle formed by joining the three 
points. 

(2) When the centre object is nearer than either both or one 
of the others and each angle is not less than 40^. 

(3) When the three objects are equidistant from the observer 
and neither angle is less than TO''. 

(4) When one angle is large and the other small, provided 

Fio. 28. 




always that in the small angle the outer object is much more 
distant than the centre one. 

In the case of the middle object being very much more distant 
than the others, the * fix,* as it is termed, may be good, but the 
points would require experience in selection. 

If fixing the position with two objects in line and an angle to 
a third, the distance between the two objects should not be less 
than two-thirds of the distance of the nearer object from the 
observer. 

A special case occurs when two of the objects appear in line 
(transit) when only one angle is required to fix the position ; this 
angle, however, should not be less than 30**, and it is important 
to remark that an angle of 30** measured to an object at a certain 
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Bzample 



Fio. 29. 



distance will give as accurate a result as an angle of 90** measured 
to an object at twice that distance. 

The foregoing may be regarded as the theory of this method 
of fixing a ship's position, the practical application being usually 
carried out by means of the station pointer or tracing-paper, as> 
explained on page 51.* 

The preceding methods of fixing the position of a ship neces- 
sarily presuppose that either two or three suitable objects are 
visible at the same time ; a less exact but useful method, appli- 
cable when only one object can be seen, is founded on the following 
principle. 

By the application of plane trigonometry, if the bearing of 
any object is observed at two different positions of a ship, and the 
course and distance between these positions known, the distances 
of the observed object from each position can readily be calcu- 
lated. 

3. If an object o on shore be observed 
from a ship at A (fig. 29) to bear N.N.E, 
(true), and after steering East (true) 3 
miles to B it bears N. by W. (true), the 
distance of o from A or B can be calcu- 
lated, as in the triangle o A b one side 
A B is known and all three angles (the 
angle at o being the difference of the 
observed bearings).^ 

In practice this is done by ruling the 
two bearings on the chart and ascertain- 
ing by trial where the distance run on 
the known course will exactly fit between 
them. 

Two important cases of this problem 
are worthy of note from their practical utility and general use. 

1. The case when the angle between the second bearing and 
the ship's course is double the angle between the first bearing 
and course, known technically as doubling the angle on the 
bow, 

2. The special case of the above when the first angle being 
45*", or 4 points, the second angle is 90**, or 8 points — that is, the 

* The reader should farther refer to the remarks by Admiral Wharton, B.N., F.B.S.» 
the Hydrographer of the Admiralty, on this subject at page 26 of Hydrographical 
Surveying, 

^ Tables from whioh these distances can be taken by inspection were originally 
drawn up by Thos. Pyman, master mariner, 1802, and dedicated to Lord Nelson. 
They also form Table 15 of Inman's Tables. 
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object 18 right abeam. This case is termed the four-point 



To illustrate the first case, suppose a vessel steering East when i>oubiinr 
a light L (fig. 30) is observed bearing N. 70** E. ; the patent log is JJJ^® ^^ 
then read oflf, and again when the light bears N. 50** E. : the dif- 
ference between these readings gives A B the distance run in the 
interval. 

The angle lab being 20° the light L is said to be 20** on the 

Fio. 30. 




bow ; in the second position b this angle being 40** (or double 
that at A), it is evident that since alb = lbg — lab = 20'', B L 
must equal A B, or the distance from the hght at the second posi- 
tion equals the distance run. 

In the second case, where the angle between the bearing of Pour-point 
the light and the ship's* course is 45°, or 4 points (fig. 31), the ^^^ ** 

Fig. 31. 




distance from the light at B, the second position, will, as before, 
equal the distance run between the observations, but in this case 
B will be the point of nearest approach to L. 

The above problem is perfectly general in its apphcation, but 
the accuracy of result is vitiated by the action of any unknown 
current experienced between A and B ; errors of observation affect 
the position of b least when the first angle between the direction 
of the light and the ship's course is 60°, in this case the two 
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positions of the ship and that of the light form an equilateral tri- 
angle.^ 

The position obtained by doubling the angle on the bow may 
be verified by repeating the observation one or more times, since 
the magnitude of the angles is immaterial provided that the 
second is double of the first. Similarly, the * four point ' bearing 
can be repeated by bringing the object four points on the quarter. 

It is often of practical use when passing a point or hght to 
know that the distance run between the times that it bears 26jf^ 
on the bow (2;^^ pts.) and 45"* on the bow (4 pts.) is equal to the 
distance which the vessel will be off when it is abeam, suppos- 
ing that the same course is maintained. 
JJJ*^*' The danger angle is an application of the geometrical proper- 

Fio. 32. 




ties of the circle which enables a vessel to ensure passing a danger 
at any desired distance. 

Let A in fig. 32 represent a danger which does not show above 
water, and which it is desirable to pass at a distance of half a 
mile outside, and let B and c represent two conspicuous objects 
on shore ; if a circle D E f be described with centre A and radius 
half a mile, and another circle B c D be described passing through 
B and c and touching the circle d e f, then since at any point 
within the segment B D c the angle subtended by B and c will be 
greater and at any point without that segment less than the angle 
B D c (Euc. III. 21), a vessel in the vicinity of the danger can ensure 
passingit outside desired distance by steering so as to always keep the 
observed angular distance between B and c less than the angle b d c. 

* The bearings may be taken in points or degrees ; with the vessel's head in the 
same direction throughout, since the deviation applicable to the course and both 
bearings is the same there is no need to correct either^ since the object is that the 
angle in the second position should be double that in the first position. 

To facilitate the practical application of this problem a dumb card or ' bearing 
plate ' is employed. 
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The circles would be drawn on the chart before the vessel 
drew near, and the angle B d c, or danger angle, measured with a 
protractor. 

Practically the circle B d c would be drawn by joining b c, 
bisecting it and erecting a perpendicular from the middle point, 
ascertaining by trial with compasses where on this perpendicular 
the centre of the required circle would lie (Euc. III. 1),* or else a 
point D would be marked on the chart at the required distance from 
A, and the angle b d c, measured with aprotractor,'considered to be 
the danger angle. 

The danger angle, both horizontal and vertical, is often useful 
in passing between shoals, the vessel being steered so as to keep 
the iEingle on. 

Examples. 

Positions by Cross Bearings. 

Upon chart No. 2615, plot the following positions : 
. (Portland High Light N.N.W.^W. (magnetic) 

(Shambles light N.E. by E.^E. (magnetic) 
2 r Shambles light S. 30*^ W. (true) 

(Breakwater light N. 60^ W. (true) 
o j Portland High Light N.W. by N. (magnetic) 
(Shambles light N.E.^N. (true) 
Shambles light S.S.W.^W. (compass) 

• Breakwater light N.W. (compass) 
Ship's head N.E.p. 

/Bill of Portland W.S.W. (true) 
. Bindon Hill N. by E.JE. (compass) 
Ship's head S.S.W. 
Shambles light W.N.W. (magnetic) 
■ St. Alban's flagstaflF N.N.E.^E. (compass) 

Ship's head N.W.^W. 
Portland High Light N. 57^ W. (compass) 

• White Nore summit N. 20** E. (compass) 
Ship's head W.S.W. 

(Portland High Light N. 32^ W. (magnetic) 
i Shambles light N. 2r E. (magnetic) 

' The danger angle may also be obtained if an object of known height is visible by 
measurement of its angle of elevation. To facilitate the application of this vertical 
danger angle a valuable table has been calculated and published by GaptLeoky, B.N.R., 
whose furtiier illustrations of the application of the horizontal danger angle when 
entering a harbour (in Wrinkles on Navigation) should be referred to by the reader. 
Much discretion is, however, necessary in using a vertical danger angle, as the heights 
given on many charts are only approximate. 
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IBindon Hill N. (compass) 
St. Alban's flagstaflf E.^N. (compass) 
Ship's head S.^W. 
-.Q (Bindon Hill N. (magnetic) 

1st. Alban's flagstaflf E.^N. (magnetic) 

I Portland High Light W.^^S (compass) 
Breakwater light N. by W. (compass) 
Ship's head N.N.E. 
Portland High Light S. 80° W. (compass) 
12 - Shambles Ught S. 21° W. (compass) 
Ship's head N.N.W. 

NoTB. — The Deviation Table on page 21 is to be used for all examples on this and 
following pages. The fixed part of Shambles light is the ball at masthead, and ^at 
of St. Alban's flagstaff is the lower part. 

Positions by Bearing and Angle} 

Upon the plan of Valetta harbour, Malta (in Ofl&cers' Atlas), 
plot the following positions : 

1. Bicasoli point S.S.W. (magnetic) 60*" Dragut Point Light. 

2. Bicasoli point 30° St. Ehno Light S. 65° W. (true), 
g (Bicasoli point S.:i^W. (compass) 32° Dragut point. 

I Ship's head North. 

4. Dragut point South (magnetic) 110° St. Julian's tower. 

5. Dragut point 35° Shema point W.^^S. (magnetic). 
Upon chart No. 2615 plot the following positions : 

6. Portland High Light N. 42° W. (true) 46° Shambles Hght. 
rj (Shambles Hght 80° Breakwater lighthouse N. 56° W. 

t (compass). Ship's head N.N.E. 

8. Bindon Hill 110° St. Alban's mast S. 66° E. (magnetic). 
g jBill of Portland S. 76° W. (compass) 60° Breakwater 

t lighthouse. Ship's head N.N.W. 

10. Portland High Light S. 76° W. (magnetic) 50° Breakwater 
lighthouse. 

Position by Angles. 

Upon chart No. 2615 plot the following positions, first by 
station pointer and secondly with tracing-paper : 

1. Portland High Light 45° 30', Shambles light 62° 40' 
St. Alban'd mast. 

2. Portland High Light in line with Shambles light 98° 20' 
Bindon Hill. 

* The object to which the angle is measared is toriUen right or left of the object 
whose bearing is observed according to its actual relative position as seen from the 
ship. 
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3. Shambles light 107** 40', Portland High Light XW 15' 
Breakwater light. 

4. Shambles light 110** 40', Breakwater light 88** 0' White 
Nore. 

5. White Nore 54** 30', Bindon Hill 77** 20' St. Alban's 
flagstaff. 

Note. — In using the station pointer plaoe the middle leg on the middle object at 
first, and keep it over this until by suitably moving the instrument the three legs are 
over the three observed points. 

In using the traoing-paper take a fresh point on the middle line each time, to avoid 
confusion of lines. 

The places named are written in the same relative positions as they appeared from 
the ship. 

Track of a Steavi Vessel. 

A vessel from an anchorage in Portland Harbour (with the 
Breakwater hghthouse bearing S.E^E. distant 7 cables, ship's 
head S.E.) steered E. 1-5 mile and then S.S.W. 3*4 miles, when 
Portland High Lighthouse bore W.^N. and the Breakwater 
lighthouse N.|E. (head S.W. by S.). 

Course was then shaped S.W by W.fW., and when 38 miles 
had been run the position was fixed by cross bec^rings. Portland 
High Lighthouse N.^^E., Shambles light vessel E.JN. (head 
South). 

The vessel then steered East, and on running 5*5 miles 
Shambles light vessel came in line with the Breakwater light- 
house and Portland Bill bore W. by N.^N. (head E.S.E.). 

Course was now altered to E.N.E., and when 2 miles had 
been run the following bearings were observed : 

Bindon Hill N.JE. and Shambles light vessel W. by N.f N. 
(head E.N.E.). 

The vessel then steered N.^^W., bringing Shambles light 
vessel four points on the bow, and on running 2*2 miles on this 
course it came right abeam. Course was again altered to N. by 
W-i^W. for 4-6 miles, when the Breakwater lighthouse bore N.W. 
by W.^W. (head N. by W.), or four points on the bow ; on con- 
tinuing a further distance of 13 mile the Breakwater lighthouse 
came right abeam, after which the vessel proceeded to the 
anchorage. 

Note. — The foregoing track and that following should be laid dewn on Admiralty 
chart No. 2615. 

Track of a Sailing Vessel. 

Leaving an anchorage in Portland Harbour with Breakwater 
lighthouse bearing E.N.E. and Castle (ruins) bearing N.W. by N. 
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(head North), a vessel under sail and proceeding to the eastward 
with an easterly wind makes the following compass courses (leeway 
^ point on all courses) : 



1. N. by E.iE. 


21 miles 


5. N.E.JN. 


5-2 miles 


2. S. by E.iE. 


60 „ 


6. S.iE. 


4-8 „ 


3. N.N.E.iE. 


3-9 „ 


7. N.E.fE. 


2-6 „ 


4. S.S.E.iE. 


7-2 „ 







At the end of each tack the positions were fixed by the follow- 
ing cross bearings : 

1. Weymouth green lights in line and Breakwater lighthouse 
S.iE. (head N.N.E.). 

2. Portland High Lighthouse W.^N. and Shambles light 
vessel S.E.iE. (headS.S.E.). 

3. Breakwater lighthouse W.^S. and South Holworth N. JW. 
(head N.E.). 

4. Shambles light vessel N.W.JW. and St. Alban's flagstaflF 
N.E. by E.iE. (head S. by E.). 

5. Bindon Hill (summit) N.N.W.fW. and St. Alban's flagstaflF 
E. by N. (head N.E.). 

6. Shambles light vessel N.W. by W.JW and St. Alban's flag- 
staflF N.E. (head S.). 

7. Shambles light vessel W. and St. Alban's flagstaflf N. by 
E.JE. (headN.E.iE.). 

NoTB.— After plotting each ooorse the corresponding position by cross bearings is 
to be laid down and the next course laid off from that position. 
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CHAPTEE V. 

The sailings — Parallel sailing — Plane sailing — Middle latitude sailing — Departure— 
Mercator sailing— Traverse sailing— The day's work-. Soundings. 

HAViNa in the preceding chapters illustrated the methods by The sailings 

which, from the indications of the compass and log line, the true 

course and distance made good from day to day are obtained, and 

also how this course and distance is graphically represented on 

charts, we now proceed to the methods by which mathematically 

the daily position of a ship is calculated from the above data. 

These methods are known as the sailings, and comprise Parallel 

sailing, Plane sailing, Middle latitude sailing, and Mercator 

sailing. 

Of these^ Middle latitude sailing is ordinarily employed for 
short distances, such as a day's run, and Mercator sailing for 
longer distances; Parallel sailing is rarely applicable, but the 
principles of both that and Plane sailing must necessarily be under- 
stood before explaining Middle latitude and Mercator sailings. 

In practice the graphic method and that by calculation are 
both employed at the same time ; on leaving port at the commence- 
ment of a voyage the position is fixed by one of the methods 
described in Chapter IV., and the courses and distances laid down 
Qn the chart each day, commencing from that position. 

The calctdated positions also originate in the same way, but it Departure 
is usual from the ©riginal fixed position at starting to take oflF the ®^^"® 
bearing and distance of some point of land whose latitude and 
longitude are known (technically termed taking departure) , and 
consider the vessel as having sailed that distance from such point 
on an opposite course to the observed bearing. 

Or more frequently the latitude and longitude of the position 
of the ship fixed outside the harbour are taken off the chart. 

All problems on the sailings in practice resolve themselves into 
one or other of these two cases : 

Case 1. — Calculating the course and distance between two 
known positions.' 

> In practice the course is only calculated to the nearest degree, and the distance 
to the nearest mile. 
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Case 2. — Finding the lat. and long, of a ship which has sailed 
on certain courses and distances /rom a known position. 

These problems can be solved by plane trigonometry and also 
by inspection from the Traverse table given in all nautical tables, 
and of which a description will be found on p. 71 ; as this latter 
method is very short it is always advisable to use it as a check on 
the accuracy of calculation. 



Parallel Sailing. 

Parallel sailing ^ is the art of sailing on a parallel of latitude, 
or when the true course is either East or West, the vessel's position 
changing in longitude but not in latitude. 

Before the invention of chronometers the latitudes of positions 
could be determined much more accurately than their longitudes, 
and it was the usual custom to approach a port by steering so as 
to get into the desired latitude, and then shape a true course East 
or West on a parallel of latitude, applying the principles of parallel 
sailing. 

Although the precision with which geographical positions have 
now been determined renders this mode of procedure unnecessaiy, 
we retain parallel sailing as illustrating an important principle on 
which middle latitude sailing is founded. 
Theory When a ship sails on a parallel of latitude from a given 

meridian, she changes her longitude only ; but the distance between 

any two Meridians varies according to 
the parallel sailed on. 

Let p be one of the earth's poles 
(fig. 33), A and b two places on the same 
parallel of latitude. 

Through a and b draw the meridians 
p A u and p B V, meeting the equator at 
uand V. 

Then the diff. long, between A and B 
is the arc of the equator u v. 

The arc A B is the distance between 
A and B. 
The latitude of A or of B is represented by A u or B v. 
Let o be the earth's centre and c that of the parallel A B ; 
o u, o V, and o a, radii of the sphere ; c A and c B, radii of the 
parallel of latitude. 

> Described in Norwood^s Seaman's Practice, 1637. 
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Then since by a property of geometry the circumferences of 
drdes are to each other as their radii, and the same is true of 
univalent arcs of those circles, it follows that — 

u V : AB : : ou : CA 
: : o A : c A 
Therefore ab^ca 

UV OA 

= sin G O AssCOS A o u 

But AOU, the angle measured by the arc AU, is the latitude 

of the point A, 

Hence, therefore— 

Distance ^^^ , . 

■^1^ , =cos lat., 

Diff. long. 

or 

Distances diff. long, x cos lat. 

Case 1. — 1. Bequired the true course and distance from a to B. 

lat, A...80^ N. long. A...3^ 50' E. Examples 

„ B...80 N. „ B...6 10 W. 

long, from 3"* 50' E. distasdiff. long, x cos lat. 

„ in ..6 10 W. L.1 cos lat 9239670 

10 log. diff. long 2778151 

60 „ dist 2017821 

diff. long.= 600 W. ••• dist. 1042'. 

The true course is evidently West. 

Bequired the true course and distance from a to B in each of 

the following examples : 

Answers. 

Lat. A and b. Long. a. Long. b. Trae C!oiirse A Dist. 

2. 70^ 10' S. 15^ 10' E. 22^ 15' E. East 1442' 

3. 50 48 N. 5 W. 5 E. East 379-2 

4. 50 10 N. 40 25 W. 50 10 W, West 3747 

5. 48 10 N. 100 W. 110 W. West 4002 

6. 75 13 N. 15 20 E. West 234-7 

7. 80 15 N. 179 W 176 E.^ West 508 

Case 2. — 8. Sailed from a East (true) 1,000 miles ; required Szampies 

> This is the abbreviation for tabuiar logarithm, whioh is the value of the trae 
logarithm (Q increased by 10. 

* As difficalty is sometimes experienced by the beginner in those cases where the 
longitude from and that in are of different names, we illustrate this example by the 

f2 
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By traverse 
table 



the latitude and longitude in. Lat. A...32'' 10' S. ; long. A... 
28^ 42' W. 

diff. long.ssdist. x sec lat. 
lat. in=lat. from = 32^ Iff 8. 

L. sec lat 10072372 

log. dist 3000000 

„ diff. long .~3-07'23*72 

.-. diflf. long.=118r, or 19° 41' E. 
long, from 28 42 W. 

.-. long, in 9 1 W. 

Required the latitude and longitude in in each of the following 
examples : 



Trae Comse and Dist. 
9. East 492-5' 

10. East 1752 

11. East 560 

12. West 740 



Since -VT> 



dist. 



Answers. 
Lat. from Long, from Lat. in Long, in 

62*^ 10' N. 0° 29' W. 52° 10' N. 12° 54' E. 

60 N. 5 10 W. 60 N. 63 14 E. 

57 32 N. 13 5 W. 67 32 N. 4 18 E. 

60 N. 50 W. 60 N. 74 40 W. 

-=cos lat. these elements may be considered as 



diff. long. 

forming parts of a right-angled plane triangle, whence, as shown 
on page 71, if any two of them are given the third can be taken 
by inspection from the traverse table. 

In example 1 with course 80° (equal to the lat.) and distance 
160' (equal to one-quarter of the diff. long., since the tables do not 
extend to 600') the corresponding diff. lat. (equivalent to one- 

foUowing figure, where an observer is supposed to be looking down on a globe from a 
point vertically over the North Pole. 

Fio. 34. 
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-quarter of the distance) is found to be 26', which multiplied by 4 
gives 104', agreeing with the calculation on page 67 (fig. 35). 
Similarly in example 8 with course 32** and diff. lat, 100' (being 

Pio. 35. • Fig. 36. 





one-tenth of the given distance) the corresponding distance is 
found to be 118', which multiplied by 10 gives 1180* as diff. long., 
agreeing with the results of calculation on page 68 (fig. 36). 

Planb Sailing. 

Plane Sailing is the method of calculating a ship's place, and 
determining the course and distance traversed, by aid of the 
properties of a plane triangle. Plane sailing, however, does not 
.assume the earth's surface to be a plane, nor does it involve any 
•errors of importance even in great distances. 

The relations, therefore, which subsist between the four 
quantities, course, distance, difference of latitude, and departure, 
can all be determined by the formulae of plane trigonometry. 

The curved lines on the sphere representing the diff. lat., 
departure {see page 70), and distance are considered to be straight 
lines of equal length to them, thus forming with the course a 
right-angled plane triangle. 

Let P be one of the earth's poles (fig. 37) ; A and z two places 
on the earth's surface ; A z, the rhumb line joining them. 

Take a, B, c, n . . . w, x, z, z, a number of points on the 
rhumb line, and through these draw the meridians p B, p P, p G, 
. . . PL,PM,PN, PQ, andalsoBH, ci,DJ . . . xr, YS,ZTarcs of 
parallels of latitude intercepted by the adja.cent meridians. 

When the number of pointe. A, B, c, D . . . w, x, Y, z is Departure 
infinitely increased, the triangles a B h, b c i, &c., ultimately 
become equiangular right-angled plane triangles, since each 
•contains the course, namely the angles hab, IBC, jgd... 
TTZ; also the sum of the arcs bh, ci, dj . . . xr, ys, ZT 
becomes the departure.^ 

' The reader should dearly reoogniae the difference between departure and diff, 
long. ; departure is the sum of an infinite number of small arcs of paraUels of latitude, 
and only becomes identical with diff. long, at the equator ; it is also identical with the 
distance in parallel sailing. 
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(1) To prove that departure a dist. x sin course. 
In the triangle ab h, B H=A B . sin B ah:=ab . sin course 
„ bci, CI =bc . sin cbi=bc • sin course 



XYS, YS =XY 
YZT, TZ =YZ 



Sm YXS=XY 
sin ZYT = YZ 



sm course 
sin course 



By addition bh + ch- . . . +ys + zt=(ab + bc + 

+ YZ) sin course. 
ButBH + ci . . . YS + ZT=departure, 
andAB + BC . . . XY + YZ=distance, 
.-. departure =di8t. x sin course. 

^ Fio. 87. 



+ XY 




(2) To prove that true diff. lat.ssDist. x cos course. 
The same construction being made, 

In the triangle abh, ah=ab . cos bahsab • cos course^ 

„ B 1, B I = B C . cos C B I=B C • COS COUTSe 



„ XYS, XS=XY . COSYXS=XY . COS cotutie 

„ YZT, YT=YZ . COSTYZ = YZ . COS COUISe 

By addition ah+bh- . , * +X8+yt=(ab+bc+ . . . +xy 

+ Y z) COS course. 
ButAH + Bi+ . . . +xs+YT=truediflF. lat., 
andAB + BC+ . . . +XY + YZ=distance, 
.•. true diff. lat.=dist. xcos course. 
In aU cages where the oonrse is neither east nor west every suooessive mile of ~ 
departure bears a relation to the diff. long., which varies as the latitude varies (see 
page 66, and Inman's Tables, Nos. 4 and 5). 

The distance, diff. lat., and departure may evidently be represented by a right- 
angled plane triangle, one angle of which is equal to the course. 
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(3) To prove that tan course ^--^jS'^ 
^ true diflt. lat. 

The same construction being made, 

In triangle A B H, B h= a h • tan B A h=a h tan course 
,y BGi, CI =:Bi . tan GBissB I tan course 

„ X Y 8, Y s=x s . tan y x 8s=x s tan course 
„ Y z T, T z=y T . tan t y z=y t tan course 
By addition bh + ci+ . . . +YS + TZ=(AHa=BH- . • . +xs 

+ YT) tan course 
ButBH + ci+ . . . +Y8 + TZ=departure, 
andAH + Bi+ . . . +x8 + YT=truediflf. lat., 
.-. departures true difif. lat. xtan course, 
or 

Tan course = ^^^^^^ 
true dm. lat. 

The traverse table contains the true difference of latitude and Traverse 
departure corresponding to every course from 0** to 90"* ; and for **^^® 
every distance from one nautical mile to 300. 

It is constructed as follows. A course and Fio. 88. 

distance being assumed, the true difference of 
latitude and departure may be computed for 
that course and dis^iance : thus, in the triangle 
ABC, fig. 38, right-angled at c, if the angle 
CAB represents a given course, and a B a given 
distance, the side A c will be the true difference 
of latitude, and c B the departure corresponding 
to that course and distance. 

Given courses 25^ and distance =26 miles ; 
compute the corresponding true diff. lat. and departure. 

In the triangle cab, let Aa25'' and a Bas26', 

then true diff. lat.=A c=ab . cos a=26' . cos 25'*=23'56- 
Mid dep.asB c=AB sin a=26' sm 25^=10-99.' 

When the difference of latitude and departure are computed in 
this manner from 0'' to 45^, the diff. lat. and dep. for courses 
greater than 45^ may be found by interchanging the titles to the 
columns. Thus, let it be required to find the diff. lat. and dep. 
for course 65% and distance 26 miles : 

diff. lat. for 65^=26' cos 65^=26' sin 25^=:rfep. for 25^ 
dep. for 65*^=26' sin 65°=26' cos 25^=di/. lat. for 25^ 

Thus it appears that diff. lat. and dep. for any course are the dep. 
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and diff. lat. respectively for the cwnplement of that course ; this 
will easily explain the reason why the quantities are tabulated in 
the following manner. 

Form of Traverse TcMe} 



, 


DISTANCE TWENTY-SIX MILES. 


Oourse 


-- 


Diff. Ut. 1 Dep. 


Oourse 


1° 

2 


260 
260 


0-5 
0-9 


89° 
88 


25 




23-6 


110 


65 


45 




18-4 


18-4 


45 


Course 


Dep. Diff. Ikt. 





The name Traverse table is given from its application to 
problems in Navigation, when the sides of the triangle considered 
are named as in the table, but it should be fully recognised that 
it is perfectly general in its application to the solution of any 
right-angled plane triangle. 

For instance, suppose that the length of the hypothenuse is 
200 feet and one of the acute angles is 40^ ; then on referring to 
the Traverse table (Inman's Tables, No. 3) and looking for the 
number 200 in the upper horizontal line, we find directly below it 
on the same line which has 40® on the left these numbers, 153*2 
and 128'6, while 50® is on the right of the same line. This means 
that the other two sides of the triangle considered are 153'2 feet 
and 128*6 feet long (the longer side being of course opposite the 
larger angle), and the remaining angle is 50®. 

Similarly if we know the two sides are 110*6 and 51*6 miles 
long, we look in the traverse table for the place where these 
numbers are side by side (Inman's Tables, No. 3), when the 
number on the upper line vertically above these numbers (122) 
gives the length of the hypothenuse in miles, while the angles 25® 
and 65® on the right and left are the values of the other angles of 
the triangle. 

Note. — A convenient and practical use of the traverse table in setting courses 
may here be noticed. 

Snppose a light visible 20 miles is just sighted on the horizon, and it is desired to 
pass five miles oatside it. From the traverse table \vith 20 miles distance and five 

' A traverse table calcolated for each of eight points is given in Eden's translation 
of Cortes's Art of Navigation, 1609. 
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miles departure the corresponding course is seen to be 15S hence the reqaired trne 
coarse will be that number of degrees right or left of the true bearing of the light, as 
the case may be ; an error of two miles more or less in the estimated distance will 
practically make but little difference. 

The operation of reducing a number of different courses and Traverse 
distances by means of the Traverse table to the one course and ^ 
distance they are all equivalent to is termed ' Traverse sailing.' 

13. From a certain known position a vessel sails S. 42° W. Examples 
true 56 miles. Eequired the diff. lat. and departure. sSihitr* 

A91S. D. lat. 41-6' 8. ; dep. 37-5' W. 

14. A vessel is 126 miles N. SI"" E. true from a lighthouse. 
Eequired the diff. lat. and departure. 

Ans. D. lat. 197' N. ; dep. 1244' E. 
16. From a certain known position a vessel sails on the fol- 
lowing true courses : N. 26** W. 41 miles, N. 82'' W. 27 miles, and 
N. 4"* W. 38 miles. Required the total diff. lat. and departure. 

Ans, D. lat. 786' N. ; dep. 474' W. 

16. From a position in lat. 31° 20' S., long. 4° 12' E., a vessel 

sails on the following true courses : N.E. 81 miles, 8.S.E. 27 

miles, and W.S.W. 46 miles. Required the lat. arrived at and the 

departure. 

Am. Lat. 31° 62' S. ; dep. 251' E. 

Middle Latitude Sailing. 

On reference to fig. 37 it will be seen that the departure is 
evidently intermediate in value between the lengths of o z and 
A E, and the assumption made in middle latitude sailing ^ is that it 
is equal to the length of m n, an arc of a parallel of latitude drawn 
midway between the latitude of A and that of z, from which the 
name of Middle (or mean) latitude sailing is derived.* 

* Described in Norwood's Seaman's PracHce, 1637, but first suggested by Ganter in 
1628. 

' The departure, being evidently greater than o z and less than a k, mast be equal 
to the arc of some parallel of latitude drawn between a and z and intercepted between 
the meridians passing through these places ; this latitude (either where the two places 
are on the same or opposite sides of the equator) may be found by equating the vaJiTes 
of tan course as derived from Mid. lat. and Mercator sailing {see page 78). This gives 

COS true mid. lat. = srA—^—r 

mer. dm. lat. 

The ordinary assumption that the mid. lat. is the arithmetical mean of the two 
lata, always gives di£F. long, somewhat two small, but not sufficiently so to cause 
practical error in those cases to which it is recommended to restrict the employment 
of this sailing {see page 65). 

Tables giving this correction to the mean of the two latitudes were published by 
Workman in 1805, and are aJso inserted in Inman's Tables (No. 6), but aze not much 
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Theory 



Xzample 



Pxa. 



Upon this assumption it will be shown that, with a known 
coarse and distance between a and z, the length of m n can easily 
be obtained, from which the length of e q, the difference of longi- 
tude, is found, as in parallel sailing. 

When the places considered are on the same side of the 
equator, the middle latitude employed is half the sum of their 
latitudes. 

Where the places considered are on opposite sides of the equator, 
since the application of middle latitude sailing is generally limited 
to a day's run of from 300 to 400 miles, no sensible error is in- 
volved by considering the departure and diff. long, equal, but if 
longer distances are considered the departure must be found for 
the true mid. lat. obtained from the formula, cos true mid. lat,= 

true di^jat. . ^^^^ g on preceding page), 
mer. diflf. lat. ^ r & r-e 

Let p be one of the earth's poles (fig. 39), 
A and B two places on the earth's surface. 
Through A and B draw the meridians p D 
and p L, meeting the equator at D and L. 
The diflf. long, between A and B is the arc of 
the equator D L. 

Let m n he the arc of the parallel of 
latitude which is equal to the departure 
between a and B. 

Now, by the principles of spherical 
trigonometry {see page 66) 

the arc m n of the parallel 
the arc D L of the equator" 
that is 

departure ., , . 

diff.T^g.=^^'°"^-*^*- 
.*. dep.= diflf. long, xcos mid* lat. 
(17) Find the course and distance from A to B, having given 

lat. A W 40' N. long, a 56*^ 40' E. 

„ B 18 20 N. „ B 60 10 E. 

In the right-angled |}Zan6 triangle A B c (fig. 40), let 
A G represent the true diflf. lat., and c B the departure 
(found from the above formula) ; then a b=: distance, 
and angle A the course required. 

B C 

In triangle cab tan a= — , 

A G 

used, sinoe, ezoept in very high Uttitudes, the error involved on the ordinary assump- 
tion is not great in those cases asoally solved by Middle latitude sailing. 
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^ . dep. diff. long, x cos mid. lat. 

or tan course=- j^-,-r = i-^—^r^-n: > 

trae diflf. lat. true din. lat. 

diflf. long. =210' ; mid. lat. =16° 30' ; true diff. lat. =220' ; 

.-. cour8e=N. 42° 28' E. 

In triangle cab, — =sec a; .-. ab=ac . sec a, 

A C 

or dist.=true diff. lat. x sec course ; .-. dist.=298 miles. 

From the same triangle cab it is evident that the disteuice 
may be found from the formula dist. =dep. x cosec course. When 
the course is less than 45° the first formula should be used, and 
when the course is more than 46° the second formula, the reason 
being that when the course is very small or very large any errors 
which might exist in the departure or true diff. lat. would be 
multiplied by a large factor and become jnagnified in their effects 
on the corresponding distance. 

Case 1. — 18. Bequired the true course and distance from A to Kumpiea 
B, by middle latitude method. 

lat. A 60° 25' N. long. A 27° 16' W. 

„ B 47 12 N. „ B 30 20 W. 

n V . diff. long. X cos mid. lat. 

a) tan courses 1^, ^iff. lat. 

(2) dist. = true diff. lat. x sec course. 

lat.A50»25'N 50° 25' N. long. A 27° 15' W. 

„ B 47 12 N 47 12 N. „ B 30 20 W. 

3 13 2)97 37 ITT 

60^ mid. lat. 4b 48 60 

TL D. lat. 198 S. diff. long. i85"W. 

L. cos mid. lat. 9-818681 L. sec course 10072849 

log. diff. long. ... 2267172 log. T, D. lat... 2-285557 

12085853 „ dist 2-358406 

log. T. D. lat. ... 2-285557 .-. dist. =228-2' 

L. tan course. . 9-800296 .•. courBe=S. 32° 16' W. 

Bequired the true course and distance from A to B in each of 
the following examples : 

Lat. trom and Long, from and Answers. 

Lat in. Loni;: in.' Course and Dist.- 

-.Q flat. A 49° 52' S. long, a 17° 22' W. N. 26° 40' B. 

t „ B 42 13 S. „ B 11 50 W. 513-6' 

20 (lat. A 21 15 S. long. A 30 W. S. 14° 37' B. 
1 „ B 30 27 S. „ B 2 10 E. 570-i5' 

21 jlat.A60 15 S. long. A 14 55 B. S. 32° 50' B. 



{' 



B 65 36 S. „ B 22 30 B. 382' 
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:Exampie8 Casb 2.-22. Sailed S. 37° 10' W. true from a, 472-6 miles. 

Required lat. in and long. in. 

lat. A 27° 20' S. long, a 25° 12' W. 

(1) diflf. lat. = dist. x cos course. 

(2) diff. long. =s dist. x sec. mid. lat. x sin course. 

L. cos course... 9-901394 L. sin course... 9-781134 

log. dist 2-674494 log. dist 3674494 



T. D. lat. ...2-575888 

.-. T. D. lat. 376-6' 
or 6° 17' S. 
lat. from 27 20 S. 
,. in 33 37 S. 



L. sec mid. lat. 10064531 



2)60 57 



log. diff. long. ...2-520159 
••. diflf. long. 331-3' 
or 5°31'W. 
long, from 25 12 W. 

„ in 30 43 W. 



mid. lat. 30 28 

Bequired the latitude and longitude in eaeb of the following 
examples having sailed from a as follows : . 





Trne Conrae and' Dist 






■ ' Answers. 




from A. 


Lat. A. 


Long. A. 


/ Lat. in Long. in. 
)70°85'N. 48°17'W. 


23. 


N. 25° 42' W. 427-3' 


64° icy N. 


40° 15' W. 


24. 


S. 48 58 W. 175-2 


47 10 N. 


32 15 W. 


,'45 16N. 35 26 W. 


25. 


N.34 48 W. 883-7 


50 25 N. 


3 40 E. 


\ 55 40 N. 2 24 W. 
Fio. 43. . 




Fig. 41. 









By travarae 
table 



The formula of mid. lat. sailing can also be illustrated by the 
construction of two right-angled triangles in the following 
manner : 

Let a B, B c, AG, and the angle at a, represent the diflf., lat., 
dep., Distance, and Course, referring to two places A and c. 
From the point c in o B draw the line c d at an angle equal to 



Digitized by 



Google 



MIDDLE LATITUDE AND MERCATOR SAILINGS 



77 



the value of the mid. latitude between the two places A and c, 
and produce A b to meet it in d. 



C B 

Then — = cos b c d = cos mid. lat. 

CD 



But 



^=r-,J^* — = cos mid. lat. 
D long. 

Hence, since c b, by construction, represents the departure, c d 
must also represent the D. long, corresponding to it. 

In example 18, with course 49° (48** 48') and distance 185' 
(equal to the diflf. long.), the corresponding diflf. lat. is seen to be 
121-4', which is equal to the departure (fig. 42) 

Then, on referring to the traverse table, with this de- 
parture and diflf. lat. 193', the corresponding course and 
distance is seen to be S. 32'' W. 228 miles, agreeing with the 
results obtained by calculation. 

Similarly, in example 22, the departure corresponding to a 
course of 30*^ and distance 118' (or a quarter of the true distance) 
is looked out, and this departure turned into diflf. long, as above. 

Mercator Sailing. 

Mercator sailing * is based en the same principles as those 
involved in the construction of Mercator's charts, and is a strictly 
accurate method of solving problems in navigation by the 
application of plane trigonometry. 

In a Mercator's chart (figs. 43, 44) the meridians are drawn Theory 
parallel to one another, and therefore the arcs bh, ci, dk, &c., 
the sum of which equals the departure, are increased and become 



Fig. 43. 




Fig. 44. 



?f 



equal to the corresponding parts uv, vw, wx, «&c., of the 
equator. 

To preserve the similarity of the triangular spaces on the 
chart (fig. 44), corresponding to the triangles abh, bci, cdk, 
&c., on the globe (fig. 43), the sides ah, b i, &c., must be increased 
in the same proportion that BH, &c., have been increased {see 
page 31). 

Hence when bh + ci + dk+ &c., increases and becomes 

• First described in Wright's En-ois in Navigation, 1599. 
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7ormule 



equal to the cbVofence of longitude, the arcs ah + bi + ck + 
&c., will increase and become equal to what is called the 
Meridional difference ->/ latitude (M. D. lat.), viz. A o. 

Hence the mer. diff. i^t., diff. long,, and the line into which the 
distance a f has been expanded, form a right-angled plane tri- 
angle in which 

' — =tllin OAF 
o A 



or 



ii"Aii- = ti^^ 



jTs-T-^ — VM.*^. course 

mer. dm. lat. n^ 

.-. diff. long. = mer. diflf. lat. )i\ten course. 

In the following figure let B^ and L| reprd^nt the positions of 

two places as shown on a Mercator's chart, mKere the true dis- 

Fio.45. 
diff long 




B, S = True diff. lat. 
B| S, = Mer. diff. lat. 
B| L = Distance 
S L = Departure 
S, L| = Diff. long. 

tance between them (on the globe) has been increased on 
chart in the same proportion as their true difference of latitude] 
has been increased ; if, while B| S| represents the meridional diff. 
lat. and B| s the true diff. lat., a line is drawn through s parallel 
to Sj Lp then Bj l will be equal to the distance between the places 
(on the globe), the angle Sj b^ l^ being, as before shown, the true 
course. 

The triangles l^ s^ b^ and l s B^ being both right-angled 
plane triangles, the formulaa used in Mercator sailing are readily 
deduced. 

(Tan courses ^'^^?^-^: , 
Case l] mer. diff. lat. 

(distance =true diff. lat. x secant course 

(true diff. lat. = distance x cosine course 
Case 2|^ 




(diff. long. =±true diff. lat. x tan course 
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Case 1. — 26. Bequired the true course and distance from a to b. 

lat. A 45' 15' N. long. A 35° 26' W. 

„ B 47 10 N. „ B 32 15 W. 

n\ tar, n/.nr««= dlff. long._ 



Bxamples 



mer. diff. lat. 


(2) di8t.=true diff. lat. x sec course. 


Mer. parts. 

lat. A...45° 15' N. 3051-2 N. 


long. A.. .35° 26' W. 


„ B...47 10 N. 3217-4 N. 


„ B...32 15 W. 


1 55M.D.lat. 166-2 N. 


3 11 


60 
T. D. lat. 115 N. 


60 
diff. long. 191 E. 


log. diff. long. + 10..12-281033 


L. sec course 10182767 


„ M. D. lat 2-220631 


log. T. D. lat....2-060698 


L. tan course 10060402 


„ dist F243465 


.-. course=N. 5V 58' E. 


.•.di8tance=175'. 


27. Bequired the true course and distance from A to B. 


lat. A... 41° 20' S. 


long. A...12° 10' W. 


„ B...49 50 8. 


„ B... 1 6 E. 


Her. Parts. 




lat. A...41» 20' S. 2728 


long. A...12° 10' W. 


„ B...49 50 S. 3459 


„ B... 1 6 E. 


8 30 M.D.lat. 731 


13 15 


60 
T. D. lat. 510 


60 
diff. long. 795 E. 


log. diff. long. + 10..12-900367 


L. sec course 10169491 


„ M. Dlat 2-863917 


log. T. D. lat...2-707570 



„ dist 2-877061 

.'. distajice=753'. 



L. tan course 10036450 

.-.coursers. 47° 24' E. 

/ Bequired the true course and distance from a to B in each of 
the following examples, by Mercator's method : 

Lat. from and Long, from and Answers. 

Lat. in. Long. in. Conrse and Distance, 

(lat. A 49° 62' S. long, a 17° 22' W. course N. 26° 36' E. 

1 „ B 42 13 S. „ B 11 50 W. 

(lat. A 49 ION. long. A 29 17 W. 

I „ B 56 45 N. „ B 39 6 W. 

jlat. A 50 48 N. long. A 1 10 E. 

\ „ B 52 35 N. „ B 1 25 W. 

(lat. A 58 24 N. long. A 4 12 W. 

\ "~ t „ B 63 17 N. „ B 2 13 E. 



28 
29 
30 
31 



dist. 513-3 miles, 
course N, 37° 48' W. 
dist. 576 miles, 
course N. 41° 55' W. 
dist. 144 miles, 
course N. 32° 34' E. 
dist. 347-6 miles. 
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Lat. from and Long, from and Answers. 

Lai. in. Long. in. Gonrse and Distance. 

oo flat. A 2^ 37' N. long, a 100^ 42' W. course S. 75« 12' W. 
1 „ B „ Bl20 36 W. dist. 614-4 miles. 

^ no flat. A 3 30 N. long, a 33 40 E. course 8. 42° 32' E. 
\^ 1 „ B 4 10 8. „ B 40 42 E. dist. ^ 624 miles. 

Case 2.-34. Sailed from a, N. 37° 10' E. true, 4726 miles. 
Bequired the latitude and longitude in. 

lat. A 27° 20' N. long. A 25° 12' E. 

(1) true diff. lat. = dist. x cos course. ' 
(2) diff. long.=:mer. diff. lat. xtan course 
L. cos course 9901394 L. tan course 9879740 

log. dist 2-674494 log. M. D. lat. 2641474 

„ T. D. lat. 2-575888 „ diff. long. 2^1214 

.-. T. D. lat.=376-6' diff. long.=332-l' 

or 6° 17' N. Mer. Parts. or 6° 32' E. 

lat. from 27 20 N 1706 N. long, from 25 12 E. 

„ in... 33 37 N 2144 N. „ in... 3d~44 E. 

M. D, lat. "438 

35. A ship in latitude 27° 0' S. and longitude 123° W. sailed 
S.S.E.^E. (or S. 28° 7' 30" E.) true 150 miles. Kequired the 
latitude and longitude in. 

L. cos course 9-945430 L. tan course ... 9727957 

log. dist 2-176091 log. M. D. lat.... 2176091 

„ T. D. lat. 2121521 ,, diff. long. ... 1-904048 

T. D. lat =132-3' .-. diff. long. ...=801' or 

or 2°12'S. Mer. Parts. 1° 20' E. 

lat. from 27 S. 1683 S. long, from 123 W. 

„ in 29 12 S. 1833 S. long, in .121 40 W. 

M.D. lat.T50 

Kequired the latitude and longitude in each of the following 
examples, having sailed from A as follows : 

Trne Course and Dist. Answers. 

from A. Lat. ▲. Long. a. Lat. in. Long. in. 

36. N. 26° 36' E. 613-6' 49° 52' S. 17' 22' W. 42° 13' S. 11° 50' W. 

37. S. 48 58 W. 176-2 47 10 N. 32 15 W. 45 16 N. 36 26 W. 

38. N. 29 10 E. 373-4 62 10 N. 17 32 W. 57 36 N. 12 15 W. 

39. S. 37 7 E. 3700 70 14 S. 25 30 E. 75 9 S. 38 5 E. 

40. N. 47 47 E. 2724 50 15 S. 15 10 E. 47 12 S. 20 16 E. 

Problems in Mercator sailing can be solved by the traverse 
table, but, as this sailing is generally employed when calculating 
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x^urses and distances between places far apart, the restricted 
limits of that table would involve some error in its application. 

In drawing a comparison between the results obtained by Comparison 
solving problems in navigation b^ Middle latitude and Mercator 
sailings it will be observed that, if the applicatfon of the former 
method (which is only approximately accurate) is restricted to an 
ordinary day's run of less than 350 miles, no appreciable error is 
involved when the latitude is less than 50® (north or south). 
This may be illustrated by solving the following two problems in 
both ways and comparing the results : * 

-^ 41. A vessel sails from lat. 44® 00' N., long. 30® 00' W. on a 
true course N. 10® E. 350 miles. Required the lat. and long. in. 

42. Find the true course and distance between the following 
positions : lat. 43® 30' N., long 30® 00' W., and lat. 55® 10' N., 
long. 31® 30' W. 

In higher latitudes Mercator sailing, which is a rigidly accurate 
method, should be used in computing the ship's position, except 
when the course is large ; * in all cases when the latitude exceeds 
50® the diflf. long, should be found for each course separately. 

In working the course and distance from a ship's position to 
that of a port of destination, or any similar question where a con- 
siderable distance is involved, Mercator sailing should be employed, 
except when the places are nearly in the same latitude, when mid. 
lat. sailing is more accurate, for the reason given in the footnote. 

Note.— Mercator sailing to be rigidly accurate shoald take into consideration the 
fact of the real form of the earth being that of an oblate spheroid and not that of a 
sphere ; this is allowed for in the accurate construction of charts^ but that such cor- 
rection is unnecessary in navigation is seen by a oomparison between the course and 
distance between the Lizard and Barbados, computed on both assumptions : ' 

On the sphere S. 50<> 41' 00" W. 3,499 miles 

On the spheriod S. 60 51 50 W. 3,502 „ 

When navigating in those locahties where the direction and Current 
rate of the tidal streams are well known, the course is shaped so as ^^^^^ 
to make allowance for the probable distance tlirough which the 
vessel will be set by these streams. 

* These examples are selected as comprising the limits of ordinary navigation of 
men-of-war ; the errors of mid. lat. sailing in lower latitudes and with larger courses 
will of coarse be less. The results will exactly accord if the corrected mid. lat. be 
employed {see footnote, page 73). 

* This was first pointed out by Workman in 1805, and arises from the fact that 
when the course is large any error in the mer. diff. lat. is greatly augmented when it 
ie turned into diff. long., being multiplied by the tangent of an angle near 90^. 

In mid. latitude sailing it will $ave been remarked that it is the departure which 
is converted into diff. long., and in Mercator sailing the mer. diff. lat. 
' From Robertson^s Navigation, ed. 1796. 

G 
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Thus in fig. 46 if a vessel is steaming at the rate of 10 knots in 
a locality where the tide is probably running 3 knots East (true), 
it is evident that in order to steer North (true) the course from 
A must be shaped so much to the westward of North that if A c 
be taken as 10 knots B c will equal 3 knots. 

In this simple case the desired course may be taken by inspec- 
tion from the traverse table. 

As another illustration, if the true course across a channel is 
W.S.W. and the distance 70 miles, a vessel steaming 10 knots will 
probably experience during the passage both tidal streams, and if 
we suppose that during 6 hours the stream sets North with an 
average velocity of 4 knots and then South at 2 knots, the whole 
drift of the vessel will be about 22 miles to the northward. 




Fio. 47. 




It is evident, then, that if A B ( fig. 47) represents the true course 
W.S.W. and distance 70 miles, a vessel starting from A must 
steer southward of W.S.W., so that if bc be drawn equal to 22 
miles and the course shaped for c, she will really arrive at B, 
though having been apparently directed towards c. 

At noon each day from the results of observation and calcula- 
tion a form is filled up similar to that below. 



Ooonemade 
good 


Distaaoe 


Latitude 


Longitude 


Variation 
aUowed 


True Bearing and 
Distance 


ICade 
good 


Through 
Water 


Current 

1 






Oba. 
D.R. 


Chr. 
D.R. 
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The data from which these particulars are obtained is kept as ship's Lo^ 
a permanent record on board every ship in the * Ship's Log Book/ ^^ 
together with all other details affecting her navigation, such as 
the deviation, leeway, wind and v^eather, bearings and angles 
observed, and the results of astronomical calculations hereafter 
described. 

The necessary computations for doing this are collectively Day's work 
known as the day's work. The course and distance made good 
are calculated (usually by Middle latitude method) between the 
astronomical positions at noon of the day and that of the preceding 
day (latitude obs. long. chr.). 

The position by dead reckoning (latitude D. R., longitude D. 
B.) is ascertained by applying to the astronomical position of the 
previous noon the differences of latitude and longitude caused by 
sailing on each course. 

If a vessel could be accurately steered and the distance run Current 
exactly determined, whatever difference existed between the 
position by dead reckoning and that by astronomical observations 
would be solely attributable to the action of a current ; it is the 
custom to work or take from the traverse table the course and 
distance between these two positions, and consider this as the 
effect of current during the preceding day, but it should be 
remembered that this result is the united effect of the true current 
and errors incidental to imperfect navigation ; it is more correct 
in practice to ascertain by calculation the effect of the current 
between each time of obtaining astronomically the ship's position, 
such a precaution being especially necessary when in localities 
where the currents are known to be strong and variable. 

The terms set and drift are apphed to currents in the same 
sense as course and distance ; an easterly current meaning one 
which would set a vessel to the eastward.^ 

The column headed Tru^ BeaHng and Distance is filled in by 
calculating (usually by Mercator sailing) the course and distance 
between the astronomical position at noon and that of either the 
place of destination or of some headland, lightship or danger 
lying near the future track of the ship. 

The distance through the water is either the sum of the hourly 
distances run shown in the log, or the total distance shown by 
patent log. 

' Oar present knowledge of the prevailing currents on the surface of the ocean is 
embodied in the * Wind and Current Charts,* published by the Admiralty. 

Most useful supplements to these are the more detailed charts of particular 
localities published at various times by the Meteorological office. 

o 2 
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In ships steaming at high speed on courses causing a great 
alteration of longitude allowance for the change of time must be 
made in the hourly estimate of speed, but not, of course, in the 
indication of the patent log. 

The variation allowed is that taken from the Variation 
^^, chart. 

^ Practical The method of working a day's work is illustrated by the 

rule following rules and example : this latter is selected as an exercise 

in applying every correction to the courses, which in the present 
case should be estimated in points, the large amount of leeway 
(known only by estimation) rendering working to degrees super- 
fluous ; under circumstances where there is no leeway the latter 
method should always be adopted. 

Eule (1) Correct each course for variation, deviation, and 
leeway ; thus find the true courses, and arrange the same in a 
tabular form, as in the example, page 86. Add together the 
hourly distances sailed on each course, and insert the same in this 
table opposite the true course. 

(2) Take out of the traverse table the true diiference latitude 

and departure for each course and distance, putting them down 

in the columns headed with the same letters as in the course. 

Previously to opening the traverse table, fill up the columns of 

true difference latitude and departure not wanted by drawing 

, horizontal lines ; this will frequently prevent mistakes. 

- (3) If the ship does not sail from a place whose latitude and 

< longitude are known, her bearing by compass and estimated 

I distance from some near object, as a church spire, &c., must be 

\ ascertained, and its latitude and longitude taken from the chart. 

jv Then the ship is supposed to sail from this known object to her 

jl point of departure, her course being the opposite to the bearing of 

t the object from the ship. This course (departure ^SflBJSe) must 

be corrected like the rest for variation an3 deviation (due to the 

direction of the ship's head when the bearing was taken), and 

inserted in the table as an actual course, with the distance of the 

object at a distance {see also page 86). 

(4) To find the latitude in. The quantities in the four 
columns of true difference latitude and departure being added up 
separately, the difference between the north difference of latitude 
and south difference of latitude, with the name of the greater, will 
give the whole true difference of latitude. The departure is found 
in a similar manner. Apply true difference latitude to latitude 
from, so as to obtain the latitude in. 

(5) To find the longitude in. From the formula diff. long. » 
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departure x sec mid. lat. (see page 74) the diff. long, is found, and 
fr^ this the longitude in.' 

The following example, worked out in detail, will be suflBcieait 
to explain the operations directed in the following rules : 

43. On April 27, at noon, a point of land in 35"* 30' S. and Example 
longitude 120° 20' W. bore by compass E. by N.JN. (chip's head 
being S. by W. by compass), distant 14 miles ; afterwards sailed 
as by the following log account. Eequired the latitude and 
longitude in, on April 28, at noon. 



Houra 


Knota 


OooneB 


Wlnda 


Lee. 
way 


Deria- 
tion 


April 27. 
Remiftrks 


1 


2-5- 


S.W. by W.iW. 


S. by E. 


2i 




P.M. 


2 


! 3-4 








1 


3 


2-3 




. 


1 


1 
! 


4 


3-2 


W.^S. 


S.byW. 


2i! 




5 


4-4 








Variation of 


6 


2-3 






1 


compass 20° 


7 


2-3 : N.W. by W. 


S.W. 


2 ' 


E. 


8 


3-3 






9 


40 ; 






, 


10 


5-4 1 






i 


11 


4-2 






. 


-"'• 1 


12 


4-4 


. - 


W.S.W. 


2i 


Midnight j 


1 


3-3 


N.W4N. 


1 

A.M. 


2 


8-3 






! 
1 • 1 


3 


3-5 






1 1 
I ! 1 


4 


4-2 






' 


5 


6-3 


W.iN. 


S.byW. 


lij 


6 


3-7 






! 


7 


2-5 






1 


8 


60. 






i . ■ i 


9 


100 


W.iS. 


S.byE. 


i 


1 


10 


10-3 






1 


1 


11 


80 


E. by N.iN. 


9f 


i 


. i 


12 


80 






I 


1 


NOOQ 



(1) The column in the above table headed * Deviation ] shoulc^ 
be formed from the table of deviations (page 21) previbusly to 
correcting the courses. 

* In high latitudes (greatet than 50°) the diff. long, on each coarse should be 
found separately. 

It may in any case be taJken by inspection from Table 4, Inman's Tables. 
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(2) From a table such as below, by writing down the header 
ings, points, courses, &c., over the seven columns which are to be 
filled in with the corrected courses, &c. 



Points 


Cooraea 


Diataace 


Dlir.Lat. 


Departure 


N. 


S. 


E. 


W. 











(3) To correct the departure course which is W. by S.^S. (the 
opposite bearing to E, by N.^N.). 

pis. qrs. 

Compass course 6 2 r.S. 

variation 1 3 r. 

ship's head 8. by W, .•. dev. {See table, page 21.) 

1 3r. 

true course 8 1 r.S. 

or 7 pts. 3 qrs. left of N., or W.iN. dist. 14'. 
Insert this course and distance in table below. 





n..~..^a 


Ttlo* 


DUt. 1 


j>X. 


Departun 








N. 


a 


B. 


1 
w. 


7« 


W.iN. 


140 


0-7 


• •• 




140 


8 


W. 


8-2 


• • • 


• •• 




8-2 


6 


W.N.W. 


9-9 


3-8 


• •• 




9-2 


H 


N.W.fN. 


23-6 


190 


• • • 


... 14-1 


i 


N.JW. 


14-3 


141 


• •• 


... 2-1 


6i 


W. by N.iN. 


17-5 


51 


• •• 


... ' 16-7 


7| 


W^S. 


20-3 


• • • 


10 


... 20-3 


H 


8.E. by E.i E. 


160 


• •• 


6-8 
7-8 


14-5 


1 
••* 


42-7 


14-5 


84-6 






T.D. la 


7-8 




Dep. 7 


14-5 


t.34-9N. 


01 W. 
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First Course,— S.W. by W.JW. 

pts. qrs. 

Compass coarse 5 1 r. S. 

variation 1 3 r. 

deviation 1 1 1. 

2 



5 3r.S. 
leeway (wind S. by E.) ...2 1 r. 

true course 8 r. S. or West 8'2\ 

The distance 8-2' is found by adding up the hourly distances 
until the course is altered, at 4 o'clock. Insert this ^course and 
distance in the table. 

In a similar way each of the remaining courses is corrected for 
variation, deviation, and leeway. 

(4) To find difference latitude and departure for each course 
and distance, by traverse table. 

Enter the traverse table, and take out difference latitude and 
departure corresponding to 7| points, and distance 14 (look out 
rather 7| points and 140 distance, the diflf. laU and dep. for which 
are 6-9 and 139-8 ; move the decimal points one place to the left), 
and put down the results to the nearest tenth, which are 0*7 and 
14'0.^ Insert them in the spaces left unmarked under N. and 
W. 

The second course being W. true 8-2', the departure will be 
8'2 (the same as the distance). 

With the third course 6 points and distance 9-9 (looking for 
99, and making the proper change in decimal points) the diff. lat. 
is 3-8' and dep. 9'2'. 

In a similar manner find difference latitude and departure for 
the other courses. 

When the four columns are added up, it appears that the ship 
has sailed N. 427' and S. 7*8' ; therefore upon the whole the true 
difference latitude is 349' N. ; and her departure has been 14*5' E. 
and 84*6' W. ; hence the departure made good in the 24 hours is 
701 W. 

(6) To find the latitude in. Apply the true difference latitude Latitude in 
to the latitude from, in the usual manner, to obtain the latitude 
in. 

(6) To find the longitude in. With the latitude from and Longitude 

^ In practice, with sach a large amount of leeway, working to deoimals would of 
ocnrse be saperflnous. 
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latitude in find middle latitude ; then from the formula diflf. long. 
= departure x sec mid. lat. the diflf. long, is found, and thence the 
long. in. Thus : 

To find latitude in. To find longitude in. 

T.D. lat..., 0° 35' N. L. sec mid. Iat...l0093148 

lat. from...36 30 S. log. departure 1-845718 

„ in 35 55 S. „ diflf. long .1938866 

2)72 25 .-. diflf. long. =87' 

mid. lat.. ..36 12 or 1^ 27' W. 

long, from . 110 20 W. 

„ in in 47 W. 

Soundings In this chapter we have considered various methods of finding 

a ship's position, all of which depend entirely on the accuracy 
with which the course and distance are estimated, and from which 
the deduced position of a vessel at any time may be much in 
error. 

Apart from astronomical observations the only means available 
for judging of the accuracy of the estimated position is (when in 
soundings and out pf sight of land) by comparing the depth of the 
water with that shown on the chart. 

Although a single sounding does not usually aflford sufl&cient 
information to check the assumed position of the ship, the com- 
parison of a continuous line of soundings with the depths indicated 
on the chart will generally at once indicate any considerable error 
in the supposed position of the vessel. Such a line of soundings 
can be obtained without stopping the ship by an apparatus patented 
by Sir W. Thomson in 1874. 

Such a line of soimdings is most conveniently employed in 
practice by plotting them on tracing-paper, which may be moved 
over the chart parallel to the course until a position is found 
where the depths obtained correspond with those given on the 
chart. 



Fortrmlcb used in the sailings. 



T>^ . ^,« a . ,^ ,,.^ 1 Departure = distance x sm course. 
Plane Sailing J^ *.^, , ,. . 

I True diff. lat. = distance x cos course. 

r> * T> * ^ ^ «^ « . *^ ,^T^ f Distance = diff. long, x cos latitude. 
Parallel sailing J _... , .. ^ i ^x j 

I Diflf. long. =: distance x sec latitude. 

' The Biadent might of oonrse derive these varioas fonnul« himself from the 
ftmdamentdl formulas in eaoh of the sailings, but they are given in their present form 
for convenient reference. 
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FormulcB iised in the sailings. — cont. 

m diff. long. X cos mid. lat. 

Tan courses: ^. «.-€-:: 

difl. lat. 

Distance = true diflf. lat. x sec course. 

Difif. lat.=sdistancex cos course. 

Diff. long.=dist. x sin course x sec mid. lat. 

(m diflf. long. 

Tan course= ^,v«.-,— r- 

mer. diflf. lat. 

Distances true diflf. lat. x sec course. 

Diflf. lat. =: distance x cos course. 

Diflf. long. = mer. diflf. lat. x tan course. 



Practical Examples. 

In the following series of examples on the sailings the first half 
of each series relate to positions in the North Atlantic Ocean, and 
the second half to those in the South Atlantic Ocean. If these 
charts are accessible, the positions, courses, &c., should be laid 
down on them and the results compared with those obtained by 
calculation and by traverse table. 

The deviation is to be taken from the table on page 21. 

Parallel Sailing. 

44. Find the true, -magnetic, and compass courses ^ and also 
the distances between the first and second of each of the following 
positions: 

Lat. Long. Lat. Long. Variation. 

1. 6V 10' N. 15° S' W. and 6r 10' N. 25° 10' W. 32° W. 
Ans. True co. West ; mag. N. 58° W. ; comp. N. 88° W. ; dist. 379'. 

2. 40 50 N. 20 10 W. „ 40 50 N. 39 50 W. 27 W. 
Ans. True co. West ; mag. N. 63° W. ; oomp. N. 42° W. ; dist. 893'. 

3. 30 20 N. 60 14 W. „ 30 20 N. 41 20 W. 10 W. 
Ans. True co. East ; mag. S. 80° E. ; comp. N. 80° E. ; dist. 979'. 

4. 36 19 S. 20 2 W. „ 36 19 S. 12 E. 20 W. 
Ans. True co. East; mag. S. 70° B.; comp. East ; dist. 1018'. 

5. 45 2 S. 60 1 W. „ 45 2 S. 41 41 W. 10 E. 
Ans. True co. Bast ; mag. N. 80° E. ; comp. N. 60° B. ; dist. 777'. 

6. 53 4 S. 45 12 W. „ 63 4 a 60 28 W. 14 E. 
Ans. True co. West ; mag. S. 76° W. ; comp. N. 82° W. ; dist. 550'. 

* If laid down on the chart the first magnetic and compass course is tha 
required, the yariatibn for the position sailed from being taken from the Variation 
chart 

The coorses are required to the nearest degree and the distances to the nearest 
mile. 
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Find the lat. and long, of position arrived at, having sailed aa 
follows from the following positions : 

Lat. Long. Trae Coarse. Distanoe. 

7. 50" 50' N. 18° 41' W. West 311 mUes 

Atu. Lat. 50° 50' N. ; long. 26° 53' W. 
. 8. 47 22 N. 21 4 W. West 517 „ 

Ans. Lat. 47° 22' N. ; long. 83° 47' W. 
9. 20 20 N. 31 5 W. West 1,066 „ 

Ans. Lat. 20° 20' N. ; long. 50° 2' W. 

10. 35 4 N. 60 12 W. East 1,216 „ 

Am. Lat. 35° 4' N. ; long. 35° 27' W. 

11. 30 12 N. 69 50 W. East 497 „ 

Ans. Lat. 30° 12' N. ; long. 50° 15' W. 

12. 25 17 N. 70 2 W. East 2,744 „ 

Ans. Lat. 25° 17' N. ; long. 19° 27' W. 

Middle Latitude Sailing. 

45. Find the true, magnetic, and compass courses and also the 
distances between the first and second of each of the following 
positions : 

Lat. Long. Lat. Long. Variation. 

1. 49° ac N. 49° 8' W. and 50° 30' N. 43° 30' W, 34° W. 
Ans. True co. N. 72° E. ; mag. S. 74° E. ; comp. N. 86° E. ; dist. 229'. 

2. 45 10 N. 20 16 W. „ 41 12 N. 26 30 W. 26 W. 
Ans. True co. S. 49° W. ; mag. S. 76° W. ; oomp. N. 83° W. ; dist. 362'. 

3. 31 44 N. 50 12 W. „ 34 7 N. 44 20 W. 18 W. 
Ans. True co. N. 64° E. ; mag. N. 82° E. ; comp. N. 62° E. ; dist. 328'. 

4. 36 18 S. 47 46 W. „ 40 60 S. 49 68 W. 3 E. 
Ans. True co. S. 21° W. ; mag. S. 24° W. ; oomp. S. 29° W. ; dist. 291'. 

6. 42 10 S. 64 7 W. „ 48 37 S. 61 3 W. 9 E. 

Ans. True co. S. 18° E. ; mag. S. 27° E. ; oomp. S. 40° E. ; dist. 408'. 
6. 49 2 S. 66 49 W. „ 48 19 S. 49 2 W. 10 E. 

Ans. True co. N. 81° E. ; mag. N. 71° E. ; oomp. N. 63° E. ; dist. 272'. 

Find the lat. and long, of position arrived at, having sailed as 
follows from the following positions : 



8. 

9. 

10. 



Lat. Long. 


Coarse. 


Miles. Variation. 


48° 6^ N. 41° IC W. 


true N. 47° E. 


318 




Ans. Lat. 52° 26' N. 


; long. 36° 7' W. 






46 40 N. 39 50 W. 


compass S. 64 E. 


410 


, 30° W. 


Ans. Lat. 43° 6' N.; 


long. 29° 58' W. 






39 20 N. 20 15 W. 


true S. 63° W. 


380 




Ans. Lat. 36° 27' N. 


; long. 27° 24' W. 






40 10 S. 2 16 W. 


compass N.W. by W. 


406 


26 W. 


Am. Lat. 42° 2' S.; 


long. 10° 54' W. 
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2. 46 40 N. 


53 


Ans. True co 


8.63° 


8. 23 9 N. 


82 


Ant. True CO. 


N.66' 


4. 22 56 S. 


43 


Ans. True 00. 


8.78° 


5. 66 59 S. 


67 


Ans. True 00. 


N.70' 


6. 56 69 8. 


67 


Ans. True CO. 


N.63° 
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Lai. Long. Course. Miles. Variation. 

11. 45^2(yS. P58'W» true N. 59°E. 320 

Am. Lat. 42° 35' S. ; long. 4? 23' E. 

12, 60 6 S. 21 12 W. compass N.W. by N. 394 11 W. 

Ans. Lat. 47° 13' S. ; long. 30° 8' W, 

Mercator Sailing. 

46. Find the true, magnetic, and compass courses and also the 
distances between the first and second of each of the following 
positions : 

Lat. Long. Lat. Long. Variation. 

1. 49°58'N. 5° 12' W. and 32° 15' N. 64° 52' W. 21° W. 
Ans, True co. S. 68° W. ; mag. S. 89° W. ; comp. N. 68°W.; di8t.2874'. 
7 W. „ 32 43 N. 16 40 W. 29 W. 
' E. ; mag. S. 34° E. ; comp. S. 49° E. ; dist. 1871'. 
22 W. „ 49 58 N. 5 12 W. 4 E. 
° E. ; mag. N. 62° E. ; comp. N. 47° E.; dist. 3986'. 
6 W. „ 33 56 S. 18 29 E. 20 W. 
' E. ; mag. S. 58° E. ; comp. S. 76° E. ; dist. 3306'. 
14 W. „ 33 56 S. 18 29 E. 20 E. 
° E. ; mag. N. 50° E. ; comp. N. 37° E.; dist. 3809^. 
14 W. „ 3T 2 S. 12 17 W, 21 E. 
* E, ; mag. N. 42° E. ; comp. N. 30° E.; dist. 2508'. 

Find the lat. and long, of position arrived at, having sailed as 
follows from the following positions : 

Lat. Long. Ck>ur8e. Miles. Variation. 

7. 50°20'N. 40°29'W. true N. 27° E. 316 

Am. Lat. 55° 2' N, ; long. 36° 33' W. 

8. 53 15 N. 30 14 W. compass N.N.W.JW. 280 35° W. 

Am. Lat. 54° 4' N. ; long. 37° 59' W, 

9. 55 50 N. 12 40 W. true N. 54° W* 341 

Am. Lat. 59° lO' N. ; long. 21° 13' W. 

10. 50 9 S. 40 12 W. true S. 34° W. 322 

Am. Lat. 54° 36' S. ; long. 45° T W. 

11. 55 37 S. 62 27 W. compass N.E. by E.p. 411 17 E. 

Am. Lat. 54° 47' S. ; long. 50° 30' W. 

12. 56 14 S. 50 8 W. true S. 49° W. 220 

Am. Lat. 53° 50' S. ; long. 54° 57' W. 

Various Examples on the Sailings. 
The following examples should be worked both by Middle 
latitude and Mercator sailings, and the results compared. 

47. Required the true course and distance between the follow- 
ing positions : 

Lat. Long. Lat. Long. 

1. 46" 2' N. 20° 19' W. and 61° 30' N. 10° 12' W. 

2. 60 8 N. 49 12 W. „ 30 2 N. 30 12 W. 
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Lat. 


Long. 


Lat. 


Long. 


3. 


20»22'N. 


45° 24' W. and 40' 30' N. 


20» 10' "W. 


4. 


10 10 S. 


■ 30 7 W. , 


, 30 15 S. 


5 22 E. 


5. 


31 17 S. 


20 18 W. , 


,51 6 S. 


10 40 W. 


6. 


48 16 S. 


10 8 E. , 


, 56 12 S. 


31 4 W. 


7. 


4 20 N.' 


31 2 W. , 


, 4 20 S. 


24 46 W. 


8. 


5 17 N. 


15 23 W. , 


, 5 17 S. 


21 2 W. 


9. 


31 6 N. 


30 12 W. , 


, 2 10 S. 


28 8 W. 


10. 


27 40 S. 


5 12 E. , 


, 1 58 N. 


24: 16 W. 



Examples on Day's Works.* 

48. On October 23, at noon, the eastern lighthouse on Ushant, 
in latitude 48"* 28' N,, and longitude 5** 4' W., bore by compass 
S.E. (ship's head North), distant 15 miles (variation 22** W.) ; 
afterwards sailed as by the following log account* Bequired the 
latitude and longitude in on October 24, at noon. 

Ans, Lat. 48^ 25' N. ; long. 6^ 43' W. 



Hours 


Knoto 


Ath» 


1 


5 


4 


2 


5 


2 


3 


5 


8 


4 


6 


1 


5 


6 


5 


6 


7 


3 


7 


7 





8 


7 


2 


9 


6 


8 


10 


6 


5 


11 


6 


1 


12 


5 


8 


1 


6 





2 


6 


5 


3 


6 


8 


4 


6 


4 


6 


6 






Oonne 



N. by E.iE. 



S.S.W. 



N.W. by W. 



S. by W.|W. 



S. by W.|W. 



N.N.E. 



Wind 



N.W. 



W.N.W, 



w.s.w. 



West 



West 



N.W. 



Leeway 
pta. 



Oct. S3 



Noon 



Variation 22^ W. 



Midnight 



A.M. 



■ The middle latitude in examples 7 and S is taken praotioaUy as hall of either, 
and in examples 9 and 10 as half the greater latitude. 

' In those days' works where there is no leeway the conrses should be corrected in 
degrees ; the first three examples relate to the North Atlantic, and the last three 
to the South Atlantic Ocean. If possible the tracks should be plotted on those 
charts. 
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Hotm 


Knota 


Atlw 


Course 


wind 


^y Oct.2S 

1 


6 


6 


5 






1 


7 


6 


8 






1 


8 


7 


2 


N.W. 


w.s.w. 







9 


7 


6 










10 


7 


9 










11 


8 


1 










12 


8 


6 








Noon 



49. On May i, at noon, Cape Ortegal, in latitude 43** 45' N., 
and longitude 7° 56' W., bore by compass S.S.W.^W. (ship's head 
N.^W.), distant 25 miles, variation 20** W. ; afterwards sailed as. 
by the following log account. Bequired the latitude and longi- 
tude on May 2 at noon. 

Ans. Lat 43** 17' N. ; long. 7^ 3' W. 



Hotm 


Knots 


A«" 


Couwe ! 


1 


3 


2 


S.S.E.iE. 


2 


3 


4 




3 


3 


5 




4 


4 







5 


4 


2 


1 


b 


4 


3 


W.N.W. 


7 


4 


4 




8 


4 


5 




9 


5 


2 




! 10 


5 


6 


1 


. 11 


5 


7 




12 


6 

7 


1 
2 






1 


1 


South 


2 


7 


1 




3 


7 


3 




4 


8 


3 




5 


8 


4 




6 


7 


5 


S.E.fE. 


7 


7 


2 




8 


7 


1 




9 


6 


7 


1 


10 


6 


5 


1 
1 


11 


6 


3 


1 


12 


6 





1 



Wind 



Leeway! 

pU. 1 



s.w. 



Do. 



May 1 



2i Noon 



2i 



Variation 20*'W. 



Midnight 



Hays 



West I i I A.M. 



s.s.w. 



H 



Noon 
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50. On May 8, at noon, a vessel by astronomical observations 
was found to be in lat. 48** 10' N., and long. 10** 10' W. ; after- 
wards she sailed as by the following log account. Eequired the 
dead reckoning latitude and longitude at noon on May 9. 

Ans. Lat. 48^ 2' N. ; long. 10^ 7' W. 



Honn) 


Knots 


Atiu 


Course 


\Vin.l 


LMWSy 

ptB. 


May 8 


1 


3 





N.N.W.iW. 


N.E. 





Noon 


2 


3 


2 










3 


3 


4 










4 


2 


7 


1 








6 


2 


4 


E. by S.f S. 


Do. 







6 


2 


4 






lVariation23»W. 


7 


3 


6 






1 : 


8 


3 


2 










9 


3 


2 










10 


4 





E.S.E. 


South 







11 


4 


2 










12 


4 


5 






Midnight 


1 
1 










Kay 9 


1 


5 


2 


N.N.E.iE. 


N.W. 


! A.M. 


2 


6 


2 








3 


7 


2 






1 


4 


7 


5 






1 1 

1 1 


6 


8 









1 


6 


5 


2 


w.s.w. 


Do. 







7 


6 


2 








i 


8 


6 


4 








1 

1 


9 


5 


4 










10 


6 


2 






1 

1 


11 


6 


3 








12 

1 


7 









1 


Noon 



61. On March 4, at noon, a vessel was in the following 
position ; lat. obs. 29*^ 40' S., and long. chr. 20** 10' W. ; after- 
wards she sailed as by the following log account. Bequired the 
latitude and longitude in, on March 5 at noon. 

Ans, Lat. 29^ 30' S. ; long. 20** 32' W. ' 
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Hours 


Knots j Atba 


Oonrte 


Wind 


^^1 MRroh4 


1 


3 


5 


N.N.W.iW. 


N.E. 


1| . Noon 


2 


4 


1 








3 


4 1 3 






i 


4 


2 


7 


E.S.E. 


Do. 


2 1 


5 


3 











6 


3 i 2 






!Variation20''W.| 


7 


4 










8 


5 ; 6 


S.fW. 


E.S.E. 


2i 




9 


5 ! 2 








1 


10 


5 


6 






1 
1 


11 


4 


5 






1 


12 


4 1 6 






Midnight 




1 






March 5 


1 


4 7 


N.E.iN. 


Do. 


H A.M. 


2 


4 ' 2 








3 


4 1 4 








4 


3 ! 7 






1 


5 


3 1 2 






1 1 
1 


6 


3 


5 


W.iN. 


s.s.w. 


u 


1 


7 


4 


2 










8 


3 


6 










9 


3 


4 










10 


9 


5 


N. by E. 


South 







11 


10 


2 






1 


12 


10 


3 








Noon 1 



52. On June 4, at noon, a vessel by astronomical observations 
was in lat. 52"* 10' S., long. 50"* 50' W., and afterwards sailed as 
follows. Eequired the dead reckoning position at noon, June 5, 

Arts. Lat. 54^ 1' S. ; long. 52° 18' W. 



Hours 


Knote 


Ath. 


Course 


Wind 


Leeway 
pt». 


June 4. Ilemarks 


1 


8 


2 


W.JN. 


S.S.W. 





P.M. 


2 


8 













3 


8 









1 




4 


7 


8 










6 


7 









1 




6 


7 


2 


W. by S. 


South 







7 


7 


5 






' 


Variation 11° E. 


8 


7 


5 






; 




9 


6 


8 






1 




10 


7 









1 
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Hours 


Knots 
7 


A*!" 


Conne 


wind 


Leewfty 
pts. 

1 


June 4. Remarks 


11 









12 


7 


2 


S. by E.iE. 


E. by S. 





Midnight 

Junes 


1 






1 


7 ! 


5 


• S. by E.iE. 


E. by S. 





A.M. 


2 


7 1 


5 










3 


7 


8 










4 


8 













5 


8 





S.E. 


E.N.E. 







6 


8 


2 










7 


8 : 


2 










8 


7 ; 


8 










9 


7 i 


8 










10 


7 1 


5 


E. by S.iS. 


South 







11 


7 , 


5 










12 


7 ' 











Noon. J 



53. On May 10, at noon, a vessel by astronomical observations 
was in lat. 40° 50' S., long. 50*^ 25' W., and at noon on May 11 by 
similar observations she was found to be in lat. 42** 19' S., long. 
49° 40' W. Between these periods she sailed as by following log 
account. Required the lat. and long. byD.E. at noon of May 11, 
the course and distance made good, current experienced, and the 
course and distance to the Eddystone, Falkland Islands, in lat. 
51° 11' S., long. 59° 1' W. 

/Lat. D.R. 42° 4' S. ; long. D.R. 49° 56' \Y. 

Co. and dist. made good S. 21° E. 95'. 

Current S. 38° E. 19'. 

.Eddystone bears S. 36° W. 656'. 



Ans. 



Hours 


Knots 


Atht 


1 


7 


5 


2 


7 


5 


3 


7 





4 


5 





6 


4 


2 


6 


8 


8 


7 


4 





8 


4 





9 


5 





10 


6 






Course 



E.iS. 



S.W.iS. 



wind r^^ 



S. by E. I i P.M. 



May 10. Remarks 



S.S.E. 



S.S.W.iW. I S.E. 



1| 



Variation 6» E. 
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f 

Hours 


Knote 


Ath. 




Wiiwl 


Leeway 
pta. 


Hay 10. Remarks 


11 


6 


5 




1 
! 


12 

I 


6 


5 






- 


Midnight | 










May 11 


1 


6 





S.S.W.iW. 


S.E. 


1 i A.M. 


2 


6 









1 


1 3 


5 


8 








• 


; 4 


5 


2 










; 5 


7 


5 


E.iN. 


South 







' 6 


8 


5 










' 7 


9 













8 


9 













9 


6 





E. by N.|N. 


S.E. 


If 




10 


4 


2 










11 


3 


8 






i 1 


12 


4 









; Noon j 



1[ 
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Sivinging 
ship 



Standard 
compass 



Swinging 
ship in 
2»arboiir 



By distant 
object 



APPENDIX. 
SwiNoiNa Ship for Deviations of the Compass.^ 

The term swinging ship is one now generally accepted amongst seamen to denote 
the process by which a ship is tamed in azimuth, and steadied with her head 
sufficiently long on each successive point of the standard compass to take the 
compass bearing of an object, the magnetic bearing of which is known or can 
be ascertained. 

Swinging ship for deviations of the compass was initiated by Captain Matthew 
Flinders, B.N., in a report made by that officer to the Lords Commissioners of 
the Admiralty in 1811, as a result of his observations when surveying the coasts 
of Australia in H.M.S. * Investigator.' In consequence of this report, certain of 
H.M. ships were swung at Sheemess, Portsmouth, and Plymouth, Flinders 
superintending the observations at the two first-named ports. 

Every ship or vessel, without distinction of size or material of construction, 
requires a table of deviations of the standard oompass, showing the amount for 
every direction of the ship's head before going to sea, and it is expedient that 
the interval between leaving a dock or any other position in which the ship has 
been kept in a fixed direction and the swinging for deviation should be as long as 
convenient. 

The term standard does not belong exclusively to any particular form of 
compass, but refers to that compass which is mounted is the best position in 
the ship with regard to surrounding iron, and that most suitable for taking 
bearings ; consequently it is that by which the ship's course is invariably 
directed. 

It is generally found convenient, and indeed necessary in thick weather, that 
ships should be swung in harbour or at anchor. There is, however, much to be 
said in favour of swinging ships under way, when the sea is moderate, the 
vessel's steam power making the observer independent of possible strong tides 
and the assistance of tugs or hawsers. Both methods will now be described. 

The observer should first examine the caps and pivots of the standard and 
steering compasses, to see that they are firee firom dirt or injury, and the cards 
working fireely.'* 

Then, either with the aid of a tug or hawsers, the ship should be slowly 
turned and steadied on each point or alternate point of the compass, the observer 
noting the compass bearing of either a distant terrestial object, the sun, or an 
auxiliary compass on shore. The differences between the compass bearings and 
magnetic bearing are the deviations, termed easterly when the north point of 
the compass is drawn to the right of the magnetic north, westerly when drawn 
to the left. 

If a terrestrial object be observed, it should not be nearer than four miles, so 

> By Captain Creak, B.N., F.B.B., Superintendent of Compasses, Admiralty. 
* After slightly disturbing the card (1° or 2^) it should return to rest on exactly the 
same point as before disturbance. 
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i;hat its magnetic bearing may remain practically the same from all points of the 
circle described by the ship in swinging romid, unless a correction for parallax 
be applied to the mean magnetic bearing of the object for each direction of the. 
«hip*s head. 

When the smi is observed, the apparent time must be noted when each bear- 
ing is taken ; the sun should be as low as possible in altitude, and the compass 
i>owl kept horizontal. 

If an auxiliaiy compass on shore is necessary from the absence of a suitable 
distant object, it should be set up in a place free from local attraction ; signals 
should be arranged for the simultaneous observation of the bearings from the 
'Standard compass to the shore compass, and vice verad ; the shore bearings 
should immediately be signalled to the ship as taken. 

The accuracy or otherwise of the observed deviations depends very much on 
the rate of swinging the ship. If the ship's hea^ is steacUed on every point of the 
compass for about half a minute, very good results may be obtained ; but if, on 
the contrary, the ship is kept constantly though slowly turning, it is better to 
swing her completely round, first to starboard, then to port, and use the mean of 
the results as the correct deviation. These remarks are specially applicable to 
heavily armoured vessels with thick steel decks. 

In places where there is sufficient room to turn a ship under steam, and easy 
conmiunication can be maintained with the compass on shore, swinging under 
way will be found very convenient, as all oppositions of tide and wind are 
obviated. Spithead is a familiar example of this. 

When the ship can be turned in a small circle, a terrestial object may be used, 
but not at a less distance than ten miles.^ 

At sea in moderate weather, with the sun at as low an altitude as possible, a 
ship imder steam may be swung with great facility, and under the actual con- 
ditions in which she is proceeding on her passage from port to port. 

By means of a simple graphic method a smaller number of observations than 
82 made whilst a ship is swinging by the tide at her anchors, or under way at 
sea, may be utilised in making a complete table of deviations. 

It is not necessary that the observations should be made for any special direc- 
tion of the ship's head, as long as they are fairly distributed round the compass. 
For this purpose Napier's diagram will be found very useful when the deviations 
are large and changing rapidly in amount from point to point, for converting 
compass courses into magnetic courses and vice verad. Full descriptions of the 
construction and use of this diagram are given in the Admiralty Manual for 
Deviations of the Compass,' and on page 24 of this book. 

For the smaller deviations usually found in a corrected compass an efficient 
diagram may be drawn on a sheet of foolscap ruled with thirty- three equidistant 
lines, each of which may be taken to represent a point of the compass. A verti- 
cal line representing magnetic north and south should be drawn down the 
<;entre and the degrees of deviation on any convenient scale measured from it 
along or parallel to the horizontal lines, according to the direction of the ship's 
head at the time of observation. Easterly deviations should be plotted on the 
right of the vertical line, westerly to the left. A flowing curve being drawn 
through each point plotted on the paper, the deviations for every direction of 
the ship's head may be determined by measurement from the vertical line. 

' If only a very distant object is available, a correction should be applied to its 
magnetic bearing if taken from the chart {see footnote on page 52). 

' The deviation table used throughout this work is graphically represented on 
Plates 4 and 5, both on Napier's diagram and ruled foolscap. 

H 2 



By the sun 



By recipro- 
cal bearings 
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cal bearings 
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Btraifflit- A complete deviation table having been formed by one of the methods as already 

line method explained, a graphic representation from which the compass coarse to be steered 
may be rapidly deduced for each given magnetic course will be found a great 
assistance to the officer of the watch when, as in the case of the tactical 
manoeuvres of a squadron, the course is frequently changed. For this purpose 
Archibald Smith*s straight-line course table is clear and simple in construction. 
The diagram consists of three vertical columns. The first contains the 
standard compass courses, the third the magnetic courses, both of which are 
given in points, quarter-points, and degrees. The central column is for drawing 
straight lines from the compass courses to the corresponding magnetic courses. 

In practice it is only required to look in one column for the required 
magnetic course, and follow the straight line to the compass course to be 
steered.* 
General ^^^ deviations of the compass in iron or composite vessels are liable to 

remarks change from various causes, such as lapse of time, change of geographical 

position, running on one course for several days together, firing heavy guns, or 
subjection of the vessel to violent strains or concussion. 

The deviation table therefore obtained at the port of departure should not 
only be supplemented by daily observations on the course the ship may be 
steered, but upon any considerable change of latitude, or when approaching 
shores where, from climatic reasons, few opportunities of observation are likely 
to occur, a new table should be formed. 

It will be found a useiul practice to occasionally swing the ship at sea for 
every- point of the quadrant of the compass in which the ship is steering. This 
will give timely warning of any changes taking place in the deviations generally, 
and confidence, when it is requfred, to make a large alteration of course after 
steering in one direction for several days. 

The route from England to Singapore vid the Suez Canal serves as an 
example illustrative of these latter remarks, there being two changes from 
courses near the south to those near the east, and a final return to southerly 
courses. 
Compass ^ ^ means of reference in cloudy weather and for obtaining a full know- 

journal ledge of the changes of deviation to which a vessel is liable, it is important that 

a compass journal should be kept. In this journal every observation for 
deviation should be entered and each table of deviations on a suitable form 
pasted in a place provided. 

A compass journal in an established form is kept in the Royal Navy, and 
journals of a similar description are kept in a large number of vessels in the 
mercantile navy. 

NoTB. — The accuracy with which the observations for deviation have been 
made is tested by the regularity of the resulting curve on either Napier's 
diagram or ruled foolscap ; the advantage of the former lies in the fiicility with 
which, when the deviation is large, a given magnetic course can be converted 
into a compass course. 

Another test for accuracy of observation is supplied by the fact that under 
ordinary circumstances, if the maximum deviation does not exceed 20°, that at 
North (by compass) should be nearly equal and opposite in sign to that at South 
(easterly deviation being considered + and westerly—); similarly that at East 
should be nearly equal and opposite in sign to that at West, and the mean of 

^ The deviation table used throughout this book is thus illustrated by the straight- 
line method on Plate 6. 
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deviations at N.E. and S.W. should also equal in amount the mean of those at 
N.W. and S.E. 

Great Circlb Sailing. 

The shortest distance between two places on a globe is evidently found by Great circle 
stretching a thread from one to the other on its surface ; such an arc extended *^^ rhumb 
in both directions would be a great circle, and great circle sailing is the term ^ 
applied to the art of sailing on such an arc. 

To clearly understand the properties of great circle sailing the reader should, 
both on a globe and chart of the Atlantic Ocean, draw the great circle and 
rhumb line between two well-known places, such as Gape Horn and the Cape 
of Good Hope, transferring from one to the other the latitudes and longitudes 
of different points on each track ; this is illustrated by the foUowing figures, 
where h and c denote the positions of Cape Horn and the Cape of Good Hope, ' 
represented on fig. 48 on the globe, and on fig. 49 on the corresponding 
Mercator's chart. 

The following observations (applicable to all great circle tracks in either 
north or south latitudes) should then be made : 

1. The rhumb track (shown as a broken line) is always nearer the equator 
than the corresponding great circle. 

2. The great circle between two places in dAfferent hemispheres and not on 
the same meridian will be represented on a Mercator chart by a curve of double 
flexure intersecting the equator on the same point as the rhumb track between 
them. 

8. The great circle track intersects every meridian at a different angle, and 
on the chart forms a curve concave to the equator, so that while the course 
from H to c is on the rhumb line exactly opposite to that from c to h, on the 
^eat circle they are generally not so. 

4. On the equator and on any meridian the great circle and the rhumb line 
coincide. 

5. A curve of equal length to the rhumb line (shown as a dotted line) can be 
drawn on the polar side of the great circle ; this practically can only approxi- 
mately be* drawn by taking a point on the chart on the polar side of the great 
•circle where llhat is most widely separated from the rhumb line at that distance 
of separation from it, and drawing by hand a curve passing through it and the 
two given places. 

6. If making a voyage on a great circle the port of destination is aJ/ways 
right ahead, but if on a rhumb line it only comes right ahead immediately 
before arriving there. 

These facts were known at a very early period when, owing to the imperfec- 
tion of charts, a vessel's track was frequently drawn on a globe, but the difficulty 
in most parts of the world of preserving a desired course in a sailing vessel for 
■any length of time prevented the general appHcation of the principles until the 
introduction of steamers.^ 

In fig. 48 the three arcs s h, s c, c h (hard line), being portions of great Calculation 
circles, form a spherical triangle in which s H, s c are the complements of the of great 
latitudes of Cape Horn and the Cape of Good Hope, and the included angle is ^^'^^^ 
their difference of longitude ; these all being known, the other elements of the 
triangle h s c are easily calculated by spherical trigonometry. 

' Sebastian Cabot is said to have projected a voyage across the North Atlantic 
Ocean on the arc of a great circle in 1495 ; in ancient works on Navigation it was 
termed * globular ' sailing. 
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Of these elements h c is the distance, s c h is the first tme course (if pro> 
eeeding from the Cape of Good Hope), and s h c the supplement of the final 
true course. 

Since practically it is impossible for a vessel to continually change course, it 
was formerly customary to calculate the latitudes and longitudes of points on 
this great cirole track separated by convenient intervals and steer for such 
points by Meroator sailing. 

This calculation may be made as follows : 

Assuming a point a distant 500 miles from the Cape of Good Hope, and 
joining s a by an arc of a great circle (a meridian) ; in the triangle sag are 
known s c, o a, and the angle s a c, to find s a (the complement of the latitude of 
a) and the angle c s a (the diff. long, between the Cape of Good Hope and a). 

Since it may be shown that the point on the equator where a great circle 
intersects it is the pole of the meridian which passes through its vertex, the 
course on which a vessel steering on a great circle crosses the equator is equal to 
the colatitude of the vertex. 

In this way the positions of various points on the great circle can be calculated 



Fig. 48. 




Fio. 49. 




Vertex 



and then transferred to a Mercator's chart, the course being altered on arriving- 
at each of these points. 

The preceding calculations are aU that are essential in computing a great 
circle track, but there are two points connected with it de8er\ing of notice. 

On referring to &g. 48 it is evident that on every great circle there must be 
two opposite points of maximum separation from the equator (termed vertices), 
and that these points must be midway between the points of intersection of the 
great circle and the equator. By spherical trigonometry it therefore follows that 
if a meridian be drawn through the vertices it will cut the great circle at right 
angles. 

It is usual to refer to that nearest the place of greatest latitude as the vertex. 

The vertex may or may not be situated between the two places, but if they 
are in the same latitude it lies midway between them. The latitude and longi- 
tude of the vertex are determined by drawing s v perpendicular on h c, when in 
the right-angled triangle s v h, s h, and the angle s h v being known, s v or the 
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colatitude of the vertex is readily found, and also the angle H s v, which is the 
di£Ference of longitude between Cape Horn and the vertex. 

If two places are on the same side of the equator, the ship on the great circle 
track between them is always in a higher latitude than if following the rhumb 
course ; hence, since both tracks coincide at their extremities, there must be 
some point on the great circle at which its distance from the rhumb line, 
measured on a meridian, is greater than at any other point. This point is at the 
maximum separation in latitude. 

When the two places are on opposite sides of the equator there are two points 
of maximiun separation in latitude, one to the northward of the rhumb line in 
north latitude, the other to the southward of the rhimib line in south latitude. 

The point of maximum separation necessarily Mis between the places. When 
the vertex also faUs between the places the point of maximimi separation falls 
between the vertex and the place most distant from this in longitude. If the 
two places are in equal latitudes the vertex and point of maximum separation in 
latitude coincide. 

The point of maximum separation may be also defined as the point on a 
great circle where two vessels leaving a port and pursuing one the great circle 
and the other the rhumb line, but changing their longitude at equal rates, are 
most widely separated in latitude. 

The latitude and longitude of the point of maximum separation can be calcu- 
lated by remembering that at this point the great circle course and the rhumb 
course must be the same. If, then, m in fig. 48 be this point, we have in the 
right-angled triangle s v m, s v, and the angle s h v (equal to the rhumb course) 
known, from which s M, the colatitude of m and v s m, or the difference of longi- 
tude between m and v (the vertex) can readily be computed.^ 

To obviate the necessity for laborious calculations several methods are prac- 
tised by which the great circle track can without any calculation be drawn on a 
Mercator's chart ; of these methods three will be described. 

Towson's linear index and accompanying tables, published in 1847 by the 
Admiralty, enable any great circle to be accurately drawn on a chart. 

The linear index gives by inspection the latitude and longitude of the vertex, 
and the tables give the true courses at every degree of longitude from the vertex. 

Godfray's great circle chart (Plate 8) is a chart of those southern latitudes 
where great circle sailing is most advantageously adopted, drawn on the gnomo- 
nic projection ^ (see page 89). From the principle of construction of such charts all 
great circles are represented by straight lines, and hence the track between two 
places may be laid down on a Mercator's chart by joining them on thegnomonic 
chart and transferring to the former the latitudes where this line cuts the suc- 
cessive meridians; this chart is of course available for drawing great circle 
tracks in similar northern latitudes. 

If, however, great circle charts were desired which would include the 
equatorial regions, Godfray points out that we should merely have to take for 



Point of 
separation 



Towaon's 
method 



Oodfiray's 
method 



* The solutions of problems in great circle sailing by calculation afford valuable 
exercises in spherical trigonometry, but are of little practical utility ; the student is 
referred for such examples to Goodwin's Problems in Navigation and Nautical 
Astronomy. See also Lecky*s a, b, c and d tables. 

* Originally published in Cambridge Philosophical Transactions for 1858. In the 
French Navy, charts on the same projection are used for this purpose, but the tangent 
plane being taken as touching the equator j the meridians are represented by parallel 
straight lines, and the parallels as hyperbolas. 
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Airy'a 
metliod 



our centre some point in the equator. In such a chart the meridians would be 
straight lines, and the parallels of latitude would be represented by hyperbolas ; 
also, if a point not in the equator were taken for the centre, the meridians would 
be converging straight lines, and the parallels would be hyperbolas and ellipses. 

Airy*s method, though not so accurate as the preceding, is sufficiently so for 
practical piu'poses, and is probably the most simple yet devised ; it was originally 
communicated to the Boyal Astronomical Society by the late Astronomer Royal 
in 1858,^ and afterwards published by the Board of Trade. 

The rules given are here reproduced. 

1. Join the two places on a Mercator's chart by a straight line. Find its 
middle point. Draw thence a perpendicular to that line on the side next the 
equator, and, if necessary, continue it beyond the equator. 

2. With the middle latitude (between the two places) enter the following 
table, and take out the corresponding parallel. 

8. The centre of the required arc (described either with beam compasses or 
a pencil attached to a thread) will be the intersection of this parallel with the 
perpendicular, the radius being the distance from the centre to either place. 

Middle 
Latitude. 
20** 
22 
24 
26 
28 
80 
82 
84 
86 
88 
40 
42 
44 
46 
48 
50 

The economy in dUtcmce in Great circle over Meroator sailing is greatest in 
— high latitudes between places not differing much in latitude, and is least between 

distance and s^^h as are situated nearly on the same meridian, one in north latitude and the 
time other in . south. 

The economy in tvme can only be estimated by observing whether the great 
circle track passes through regions more favourably situated with regard to 
winds and currents than that traversed by the Mercator track, and it is advisable 
in all cases, when making a voyage, to draw all three tracks {see page 102) on the 
Wind and Current chart of the month in question. 

The contrast between great circle and rhumb courses would be most notice- 
able if it were possible to navigate the Arctic ocean between two places in the 
same north latitude but differing 180° in longitude ; by great circle the course 
would be first north and then south, while by the rhumb line the course would 
be east ot west. 

Since navigation cannot safely be performed in very high latitudes, a modified 
^ The mathematical theory will be found in the Monthly Notices for that year. 
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fonn of great circle Bailing was proposed by Mr. Towson in 1858, termed com- Composite 
potite aaiUng, in which a vessel sails on an arc which touches the parallel of ^ilu^s 
highest desired latitude ; this may be drawn by the linear index and tables, or 
laid off on Godfray's chart by drawing tangents to the parallel of maximnm 
latitude (as shown on Plate 8), and transferring this track to the Meroator's chart. 
In illustration of the foregoing it will be instructive to determine by calcula- 
tion, as well as by the more practical methods described, the elements of a great 
circle route from the Cape of Good Hope to Hobart (a to b 4g. 50). 



Lat. Cape of Good Hope 84'' 22' S. .' 
Lat. Hobart 42 54 S. .' 

1. To find the distance a b — 

vers A B = vers (X -X') + vers 0, 

where hav 6 = sin X sin X' hav a p b 

9-9167 
9*8648 
9-9106 



X or colat - 55"" 88' Long. 18'' 29' E. 
X' =47 6 „ 147_22 

.128 58 



hav e = 9*6921 



e « 89° 6' 



vers 6 0984800 
ver8(X-X0 0011070 

vers A B 0995870 




A B - 89" 44' 
or 5884'. 



2. For the position of the vertex v (I being its latitude and A p v its diff. long, 
from a) — 



cos I 



sin X sin X^ sin A p B 
sin AB 



Lat. of vertex i, 61'* 55' S. 
cos A p v » cot 2 cot X 

9-7272 
9-8850 



9-9167 
9-8648 
9-8918 
0-0000 

9-6728 

cos A V : 

9-7517 
9-9456 



cos X 
sin I 



9-5622 

APV-68**86' 
Long. A 18 29 E. 
Long. V 87 5 E. 



9-8061 

AV = 60''18' 
or 8018' 



sm A = 



-3. To find the initial and terminal courses — 

cos I 

sinX 
9-6728 
9^167 
9-7561 



sm B» 



cos I 
mnX' 

9-6728 

9-8648 

9-8080 



A -84*' 46' B«40''0' 

Hence the initial course is S. 84''46' E. 
and the terminal course S. 140 E. 
or N. 40 OE. 
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4. To find the position of the point of maximmn separation, m (referred to> 
the vertex). Note.— Bhnmb-course, r » 86° 9'. 

(1) (2) (8) 



C08lat.-?P«-' 
sin B 

9-6728 

9*9984 



sin y p M » 



cos R 



sin I 
8-9271 
9-9456 



9-6744 
lat. M dl''48'S 





8-9815 


VPM 


-6° 80' 


Long. 


v87 6E. 



8inMy = ?°* ' 
tan R 

9-7272 

11-0718 

8-6569 

MV = 2*'86' 

or 166' 



Long. M 81 85 E. 



5. To find the position of any point, c or d, referred to the vertex. Let 
V c, and also v d »20°. 



(1) 



(2) 



(8) 



tanvc 



cot I 









9 






* " cos / • 




-— • ^ 


vc 




9-9780 










9-6611 




9*7272 






9-9466 










9-6728 




9-5841 
10*1981 






9-9186 


9-8»88 




lat. 


c or D 66° 0' 


S. 




VPC 


= 87° 48' 


pcvorPDV = 67° 


20' 










Long. 


V 


87 6E. 
















Long. 


c 


49 22 E. 
















Long. 


D 


124 48 E. 








) 


G. G. coarse 


at 


cisS. 


67 


° 20' E., and at 


D,S. 


122° 40' E. 





Also 

The conrse and distance on the rhumb -line track, by Mercator's sailings 
between the Gape and Hobarton, is S. 85° 9' E., 6066 miles. 

Hence, in this instance, the distance on the great circle track being only 6884 
miles, a saving of distance would be effected of 672 miles ; but, on the other 
hand, in order to attain this, the ship would have to go as feur south as 61° 66' 
South latitude, the practicability of which would depend on the season of the 
year and other considerations. 



Plane chart 



Mercator'a 
ohart 



Galculation of Meridional Parts. 

The discovery of the correct principle on which charts adapted to purposes 
of navigation oould be drawn has been justly considered as only second in 
importance to that of the mariner's compass. 

The errors of the plane chart (on which the meridians were in all latitudes 
drawn at the same distance apart as they are at the equator, and the degrees of 
latitude everywhere made equal to one another) were well known at an early 
period of the art of navigation, but, as no means could be devised of correcting 
these errors, it was customary (especially in the higher latitudes) to place the 
ship's position on large globes, and actually measure the various courses and 
distances required. 

To remedy this great practical inconvenience, a chart was published in 1666- 
by Gerard Mercator, having the meridians represented by parallel lines, and the- 
degrees of latitude lengthened from the equator towards the poles, but not- 
increasing in their true proportion. 
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Fig. 61. 



Fig. 62. 



It is supposed that he was not aware of the mathematical principles on 
which the lengths of these degrees should be increased, and took them by actual 
measurement from a globe.^ 

In 1699 Mr. Edward Wright, in a work entitled * The Correction of Certain 
Errors in Navigation/ clearly explained these principles, and gave accurate rules 
for the construction of charts. 

Before giving Wright*s formulae, the excellent popular description he gave in 
that work of the nature of a Mercator's chart will be repeated : * Suppose a 
spherical globe representing the world inscribed in 
a concave cylinder to swell like a bladder equally 
in every part (that is, as much in longitude as in 
latitude) until it joins itself to the concave surfa^^e 
of the cylinder, each parallel increasing successively 
from the equator towards either pole, until it is of 
equal diameter to the cylinder, and consequently 
the meridians widening themselves until they are 
everywhere as distant from each other as they are 
at the equator. Such a spherical surface is thus by 
extension made cylindrical, and consequently a 
plane parallelogram surface, since the suriiMe of a 
cylinder is nothing else but a plane parallelogram 
surfjftce '.wound round it. Such a cylinder, on 
being opened into a flat surface, will have upon 
it a representation of a Mercator*s chart of the 
world.' 



fy — ^ 

e' e 

d' '^ 

e' c 

b' b 

a m 

u . — f 




An Approximate Method of Calculating the Meri- 
dional parts for any Latitude. 

In order to construct a Mercator's chart we 
must know the lengths of the lines corresponding 
to the latitude of every point on the globe, at small distances from each othert 
These lengths, computed for every minute of latitude from 0° to 90°, form the 
table of meridional parts. It may be approximately obtained in the following 
manner : 

Suppose the meridians p v, p u, and parallels a m, b^b, &c. (fig. 62), are drawn 
sufficiently near to each other that the quadrilateral surfiEkces of the earth, a m b b' 
b' B G c, &c., thus formed, may be considered without any practical error to be 
plame surfaces ; this may be done if the arcs m b, b c, &c., be not taken greater 
than one minute : then these quadrilateral surfaces being expanded into amhh\ 
h'hcc' (fig. 61), similar to them on the chart, we can prove that 

m 6 = M B . sec lat. h, 



M, 



6c= BC 


. sec lat. B, 


Cd-Ql} 


sec lat. c. 


de = DE 


. sec lat. D, 


&c. « &c. 





For by trigonometry, - « cos m v - cos lat. 
u V 



sec lat. M « 



uv 



AM AM AM* 

' On this chart the first meridian (from which the longitudes were reckoned) was 
that passing through Corvo Island, one of the Azores, where at this time there was 
no variation. 
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Bnt since the qnadrilateral surfaces on the globe and chart are similar, 
/.^-!? = '^ = seolat.M, 

B M AM 

.*. 6 m s B M . sec lat. m, 

Similarly & c - b c . sec lat. b, 
cd-CD . sec lat. c, 
c2 » D E . sec lat. D, 
Ac. = &c. 

Let lat. of H » 2, and bm«bc:=cd«de=^1 minute ; then lat. b « 2 + 1', lat. 
c^l + 2'f lat. D-l + 8' ; .'. adding, we have 

sec { + sec (2+1') + sec (2 + 2') + sec (2 + 8') - 6 w x 6 c + c <2 + d« = m c = meridional 

difference of lat. between m and b. 

If the point m be on the equator, then 2 « 0, and the above expression gives 
the value of the meridional parts for 4 minutes : thus 

bm + he + cd + d e — sec 0' + sec 1' + sec 2' + sec 8', 
or the merid. parts for 4' = sec 0' + sec 1' -f sec 2' + sec 8^ 

Hence, generally, we have for any lat. 2 

Mer. parts for 2° » sec 0' + sec 1' + sec 2^ -h ... 4- sec (2^ - 1'). 

A nearer approximation to the value of the meridional parts for 4 minutes 
would of course be obtained by taking the parts m b, b c, c d, &c., still smaUer, as 
1 second ; for then the meridional parts for 4 minutes would be found from the 
expression, 

MPfor4'»sec0" + secl" + sec2" + sec8"+ ... +sec8'59". 

From similar expressions to these was the first table of meridional parts 
computed. 

If we suppose the meridional parts for 70^ to have been found to be <» 5965*92 
(by the above method), let it be required to calculate the meridional parts for 
l(f 10'. 

MPfor 70° 10' = secO' + 8ec I' + sec 2' + 8ec 8' + 
8ec70°r+ ... +8ec70°9' 

- 5965-92 + sec 70° + sec 70° 1' + 
Log. sec. 70° 0' 0*465948 

70 1 0-466296 

70 2 0-466648 

„ 70 8 0-466991 

70 4 0-467889 

70 5 0-467688 

70 6 0-468087 

70 7 0-468386 

70 8 0-468785 

70 9 0-469085 

Mer. parts for 70° 

.-. mer. parts for 70* 10' = 5995-2688 

Given the meridional parts for 70° 10' » 5995*2688, calculate the meridional 
parts for 70° 15'. Ana. Mer. parts =6010-08. 





+ sec 69° 59' + sec l(f t 


. . +seo70°9'. 


nat. sec 


.= 2-9288 


»» 


= 2-9262 




> 


- 2-9285 




1 


- 2-9808 




n 


= 2-9832 






= 2-9855 
- 2-9879 
= 2-9408 
= 2-9426 
= 2-9450 




29-8488 


or 7 


0°- 


5965-92 
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The relation of the true and meridional differenoes of latitude between two 
places near each other may be grajpMcally sho^n, as follows : 

Fio. 53. 




Oraphio re- 
presentation 
of meri- 
dional parts 



Let G (fig. 58) represent the centre of the globe, p, p^ two points near one 
another on the same meridian, a q^ q, a tangent to this meridian at the equator ; 
then P) c A « 2 » lat. of p„ and p.^ c P, » e2 2 -> a small increment of lat. From p, 
draw Pj Si h perpendicular to c a ; then p, S| will represent the meridional diff. 
lat. corresponding to the true diff. lat. p, Pj 

sec H ,\Andl •» ji r • -17. « . » . 

= c A i_tan lissidl = ^ ^ • "^^ ^ • ^' 5 «>^ Bxae^ dl is small, tan Z . tan (22 may 

be neglected in comparison with unity, and for tan dl we may write dl ; 
•'• % Qi = ^2 ^1 • ^^ '^ since p.^ Pi « c p, (or c a) . dl. 
But in Mercator's projection the corresponding projection to p.^ p, is p^ p, sec L 
Hence q.^ Qj is greater than the arc of Mercator*s projection in the ratio of 
sec Z to 1. 

By similar triangles p^ Sj : Q:, Qj :: c s^ : c q^ « 



cs, 

M 



CM 
'^^l^A 



- Q, Qi ^- « Qa Q, COS Z (approximately). 

But Qj Qj - p, Pj sec 'Z ; 
.*. Pj S| = Pg p, sec Z, 
and hence p.^ s, represents the arc of Mercator's projection corresponding to the 
arc of the meridian p, Pj. (From Naval Science, 1872.) 
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DEFINITIONS IN NAVIGATION. 
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Earth's 

poles 
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A SPHERE is a solid, bounded by a surface, every point of which is equally distant 
from a fixed point called the centre, 

A radius of a sphere is a straight line joining the centre to any point in the 
surface. 

A diameter of a sphere is a straight line passing through the centre and 
terminated both ways by the surface. 

A section of the surfiBMse of a sphere made by a plane is a circle. 

A great circle is the section of the surface of a sphere made by a plane 
passing through the centre. 

A small circle is the section of the surface of a sphere made by a plane not 
passing through the centre. 

The axis of a circle of a sphere is that diameter of the sphere which is per- 
pendicular to the plane of the circle. 

The poles of a circle are the extremities of its axis. 

A secondary to a circle is a great circle passing through its poles. 

A spherical angle is the angle Between two great circles. 

A spherical angle is mectsured — 

1. By the angle between the tangents to the circles at the point of their inter- 
section. 

2. By the angle between the planes of the circles. 

3. By the arc which the circles intercept on the great circle to which they 
are secondaries. • 

A parallel to a great circle is a small circle whose plane is parallel to the 
plane of the great circle. 

The axis of the earth is that diameter about which it revolves with a uniform 
motion from west to east. 

The poles of the earth are the extremities of its axis. 

The equator is the great circle whose axis and poles are the axis and poles of 
the earth. 

Meridians are great circles which pass through the poles of the earth. 

The meridian of a place on the earth is that meridian which passes through 
the place. 

The first or prime meridian is that fixed meridian by reference to which the 
longitude of places on the earth is measured. 

By general consent tlie meridian of Greenwich is now taken as the prime 
meridian. 
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Parallels of latitude are small circles whose planes are parallel to the plane Parallels of 
of the equator. latitude 

The longitude of a place is the arc of the equator intercepted between the liongitude 
first meridian and the meridian of the place. of a plaoe 

Longitude i» reckoned east or west from the first meridian^ cmd may he of 
-any m^nii/ade from 0° to 180° J?, or W, 

The latitude of a place is the arc of a meridian intercepted between the Iiatitude of 
equator and the place. * place 

Latitude is recJconed north or south from the equator , and may he of amy 
rtuignitude from (f* to 90** N, or 8. 

The difference of latitude between two places is the arc of a meridian inter- Difference of 
«epted between their parallels. latitude 

This is called T,D, latitude, in opposition to Mer. D. lat. 

The difference of longitude between two places is the smaller arc of the Difference o^ 
■equator intercepted between their meridians. longitude 

The true latitude of a place is the angle between a perpendicular to the earth's True 
surface at that place and the plane of the equator. latitude 

The reduced or central latitude of a place is the angle between the earth's Beduced or 
radius at that place and the plane of the equator. ?*«*'^ d 

The difference bettoeen the true and reduced latitudes is always sm^ll, being 
-due to the fact that the earth is not qrdte, though very nea/rly, a sphere. If 
the ea/rth be regarded as a sphere^ the definition of true a/nd reduced latitude 
wUl agree with the definition of latitude given above, 

A nautical mile is equal to the mean length of a minute of latitude, and is Nautical 
reckoned at 6080 feet. J^ile 

A rhumb line is a curve which cuts all meridians at the same angle. Bhumb line 

The course of a ship on a rhumb line is the angle which the rhumb line ^Course 
makes with any meridian. 

The distance between two places is the length of the rhumb line joining Distance 
ihem expressed in nautical miles. 

The departure between two places is the amount of easting or westing made Departure 
in sailing between them on a rhumb line. 

If an infinite number of points be taken on the rhumb Hne, *the meridian 
through each of these points cuts off an arc of the parallel of latitude through the 
next point. The sum of all these arcs is called the departure. 

The middle latitude of two places on the same side of the equator is half the Middle 
sum of their latitudes. latitude 

The term is not strictly applicable to places on opposite sides of the equator. 

When a ship saUs on two or more courses she is said to describe a traverse. Traverse 

A Mercator's chart is a chart constructed on the following principles : , Merdator's 

1. Meridians are represented by parallel straight lines. Hence (a) a rhumb 
line, since it outs all meridians at the same angle, is represented by a straight 
line; (2>) each parallel of latitude is expanded to the same length as the 
equator. 
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2. At any place the small arc of latitude is increased in the same proportion 
as the small arc of the parallel. Hence the scale of the chart at. any place is 
equal to the scale of the chart at the equator x sec. lat. 

The meridional parts of a certain latitude give the length expressed in 
nautical miles of the line on the Mercator's chart which represents the latitude. 

The meridional difference of latitude between two places is the length 
expressed in nautical miles of the line on the Mercator's chart which represents 
the difference of latitude. 

Plane sailing is the method of solving problems in navigation in the case of 
a ship sailing on a rhumb line by the use of the plane triangle which represents 
the relations between the course, distance, departure, and T.D. latitude. 

Traverse sailing is the method of solving problems in navigation in the case 
of a ship which is sailing on several courses. 

Mercator*s sailing is the method of solving problems in navigation, in the 
case of a ship sailing on a rhumb line, by the aid of Meroator^s chart and the 
table of meridional parts constructed for it. 

Parallel sailing is the method of solving problems in navigation when a ship 
is sailing due east or west— that is, on a parallel of latitude. 

Middle latitude sailing is the method of solving problems in navigation, in 
the case of a ship sailing on a rhumb line, on the assumption that she would 
make the same departure by sailing on a parallel of middle latitude. 

The latitttde in which tlie meridian distance is exactly equal to the 
depwrtu/re is sometimes called true mid. lat. 

Great circle sailing is the method of solving problems in navigation in the 
case of a ship sailing on a great circle. 

The distance on the great circle is the shortest distance between two places. 

The vertex of a great circle is the point in it which is nearest to the pole. 

At the vertex the meridian and the great circle intersect at right angles. 
It must be noted that a great circle between two places has two vertices. A 
convention is made that the vertex is used which is on the same side of the 
equator as the place of higher latitude. 

Leeway is the angle between a ship's fore and aft line and her wake. 

The set of a current is its direction, and is named after the point to which it 
is nmning. 

The drift of a current is the distance through which it flows in a given time. 

The magnetic meridian is the great circle in which the compass needle lies 
when unaffected by local attraction. 

The variation is the angle between the magnetic meridian and the meridian 
of the place. 

The deviation is the angle between the compass needle and the magnetic 
meridian. 

Deviation is the effect of local distwrbvng forces. 

The compass error is the angle between the compass needle and the meri- 
dian of the place. 

Tlie co7npass error is the algebraic sum of variation and deviation. 
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The dip of the needle is the angle between the horizontal plane and a Dip of the 
magnetic needle freely suspended at its centre of gravity. needle 

The trae course steered is the angle between the ship's fore and aft line True oourse 
and the meridian of the place. steered 

The true course made good is the angle between the rhumb line sailed and True oourse 
the meridian of the place. ™*d® «^^^ 

The true bearing of an object is the angle between the meridian and the True 
great circle which passes through the object and the observer. bearing 

Note. — In the expression * true bearing and distance,' which is used in the 
logs of H.M, ships, * true bearing ' signifies true course to the place indicated. 

The courses steered or made good and the hearings of objects are termed Cross 
tru^f magnetic, or compass, according <m they are referred to the meridian of bearings 
the place, the magnetic meridian, or the direction of the cowiyass needle* 

Gross bearings are the becunngs of two objects taken from the same place. 

The intersection of the lines of hearing fixes the j)oinf of ohservation on a 
chart. 
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CHAPTER VI. 

Elementary astronomy — Solar system— Fixed stars— Finding the stftrs— Ecliptio— 
Equinoctial — Declination — ^Bight ascension — Horizon— Altitudes— Azimath — The 
sextant— Correction of altitudes— Dip— Refraction— Semi-diameter— Parallax. 

The arts of determining the latitude and longitude of a ship's Beflnition 
position, the error and rate of a chronometer, and the error of the 
compass by observations of the various heavenly bodies, are 
€ollectively knovni as Nautical Astronomy. 

This branch of the art of Navigation is (as the najne implies) 
merely a special application of Practical Astronomy, and the 
problems involved are those practised at astronomical observa- 
tories, adapted to the instruments and circumstances peculiar to 
navigation. 

The solution of these problems is in all cases obtained by an 
application of the principles of Spherical Trigonometry, and it will 
be assumed that the reader is conversant with the solution of 
spherical triangles. 

A knowledge of the positions and movements of the principal 
heavenly bodies is a necessary preliminary to the study of nautical 
astronomy. 

The earth is one among several large and a vast number of 
small bodies, mostly of nearly spherical forms, whose movements 
being controlled by and directed round the sun, occasion their 
being, collectively with that luminary, known as the Solar System. 

These bodies comprise seven more or less resembling the earth Soiar system 
in size and shape, some 350 very small similar bodies known as 
asteroids or planetoids, thirty-six large and many small comets, 
and avast number of extremely small bodies known as meteorites, 
which occasionally become visible as shooting stars. 

To confine our attention at first to the planets, which are the 
only members of the solar system (besides the sun and moon) 

I 2 
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suflSciently conspicuous to be useful for the general purposes of 
navigation, the following characteristics are common to all : 
Beroiution 1. They all move round the sun in the same direction — viz. 

opposite to that in which the hands of a watch move, and the 
oval curves they describe (known as their orbits) are nearly 
circles, having the sun in one focus.* 

The planets nearer the sun move round it more rapidly than 
those more remote,^ and every planet moves most quickly over 
that part of its orbit which is nearest the sun. Many of the 
planets are attended by moons similar to our o-^n, which generally 
move round them in the same direction that the planets them- 
selves move round the sun. 

The exceptions to this rule are the satellites of Uranus and 
Neptune, which revolve in the opposite direction. 

This form of movement is termed revolution. 
BotaUon 2. Observation shows that, while revolving round the sun^ 

each of the planets turns roimd its axis, similarly to the earth, 
those most distant from the sun turning more rapidly and those 
nearer at about the same rate as our globe. This form of move- 
ment is termed rotation, and is also performed by the sun itself. 

The period of a complete revolution forms the year, and that 
of a complete rotation the day of each planet. 

The above movements, which would appear simple if seen from 
the sun, are compUcated, as seen from the earth, by the fact of 
our globe being itself in motion. Every observed movement is, 
however, readily accounted for by the accepted principles of 
astronomy (first clearly explained by Kepler in 1594), which also 
enable accurate predictions of the places of the heavenly bodies 
to be made many years in advance, 
siements The table on page 117 exhibits the chief elements of the sun 

and principal planets. 

The following illustration of the relative sizes and distances of 
the members of the solar system is given by Herschel in his 
* Outlines of Astronomy.' 

The following laws governing the revolutions of the planets round the sun were 
first discovered by Kepler in 1694-1619, and are known as Kepler's Laws : (1) They 
revolve in ellipses (generally closely resembling circles) having the sun in one focus. 

(2) If a line be supposed always to connect the centre of the sun with that of a planet 
such a line will, by the movement of the planet, pass over equal areas in equal times. 

(3) The squares of the times of revolution of each of the planets are in the same 
proportion to one another as the cubes of their mean distances from the sun. 

' Thus, the mean velocity of Mercury in its path round the sun is twenty-nine 
miles per second, that of the earth eighteen miles, and that of Neptune, the outermost 
known planet, three miles per second. 
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Name 


Mean Distance 
from Sun 

1 Mile:) 


Period of Revo- 
lution round 
Sun 


Diameter 
Miles 


Appoieat DtametcT 




Days 


Sun . 


1 — 


— 


852,580 


31' 32" to 32' 36" 


Mercury . 


1 35,393,000 


88 


2,960 


5" .. 


12" 1 


Venus 


1 66,131,000 


225 


7,510 


10",. 


67"' 


Earth 


' 92,560,000 


365^ 


7,918 


— 




Mars . 


i 139,312,000 


687 


. 4,920 


4" to 


30" 


Jupiter 


475,693,000 


4,332 


85,390 


i 30" „ 


50" 


Saturn 


; 872,135,000 


10,759 


71,900 


15" „ 


21" 


Uranus 


1,753,851,000 


30,686 


33,000 


! 4" 




Neptune . 


2,746,271,000 


60,127 


36,600 


1 2" 





* Choose any well-levelled field or bowling-green. On it place 
3, globe two feet in diameter, this will represent the Sun ; Mercury 
will be represented by a grain of mustard-seed, on the circumference 
of a circle 164 feet in diameter for its orbit ; Venus, a pea on a 
circle 284 feet in diameter ; the Earth, also a pea, on a circle of 
430 feet ; Mars, a rather large pin*s head, on a circle of 054 feet ; 
the asteroids, grains of sand in orbits of from 1,000 to 1,200 feet ; 
Jupiter, a moderate-sized orange in a circle nearly half a mile 
^bcross ; Saturn, a small orange on a circle of four-fifths of a mile ; 
Uranus, a full-sized cherry, or small plum, upon the circumference 
of a circle of more than a mile and a half ; and Neptune, a good- 
sized plum on a circle about two miles and a half in diameter.* 

The fixed stars, numbering many millions, are all situated at Fixed 8tar« 
immense distances beyond the limits of the solar system, the 
nearest {a Centauri) being so remote that, even with very delicate 
astronomical instruments, scarcely any change in its place can be 
detected as seen from positions at opposite points of the earth's 
-orbit, though separated by a distance of 185 millions of miles. ^ 

From the earliest times the fixed stars have been arranged in Consteu*. 
fanciful groups of figures of men, women, and animals, termed 
Constellations, of which 67 are recognised as affording a con- 
venient mode of distinguishing one group from another by name ; 
the great mass of the stars, however, is congregated in the Milky 
Way, estimated to contain at least eighteen millions.* 

The fixed stars are further classified according to their 

* The distance of this star is considered to be not less than 210,000 times the 
•distance of the san from the earth. A ray of light from such a star would take more 
than three years to reach the earth. 

' Exclusive of the Milky Way, there are about 3,500 stars visible in £nglai)d to the 
naked eye, 15 of which are of the first magnitude, about 50 of the second, and 120 of 
the third, but of these only some 2,000 are visible at any one time. The total 
number of stars in the whole heavens visible to the naked eye is about 7,000. 
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Star charts 



Finding the 
atars 



brilliancy or magnitude, of which classes the first six are visible^ 
under favourable circumstances to the naked eye, the other 
magnitudes are invisible except through telescopes. 

A list of the positions of 349 of the stars most useful for 
purposes of navigation/ and visible to the naked eye, is published 
in the * Nautical Almanac,' and the reader should make himself 
familiar with the situation of those of the first magnitude (twenty 
in number), from which, on reference to a star chart, the others, 
can easily be recognised.^ 

The positions of the most important stars are readily obtained 
by referring them to lines of approximate direction in the heavens, 
pointed out by the principal stars in such well-known constella- 
tions as the Great Bear (Ursa Major) and Orion, the names and 
appearances of which should be first studied.^ 

The following general description will then enable the reader 
to find the principal stars visible in the latitude of London. 



* For the purposes of practical astronomy, much more extensive catalogues of stars 
have been prepared. The earliest catalogue of stars was that by Hipparchus in B.C. 
125, which gave the positions of 1,080 stars ; one of the most extensive was that of 
Lalande, in 1800, giving the places of 47,390 stars. 

- Jeans* Handbook for the Stars is generally used in the Boyal Navy for this 
purpose, and, by its general and particular star charts, affords every necessary informa- 
tion. The positions of the planets are best learned by occasionally marking their 
places on such charts. The only four of practical use in navigation are Venus, Mars,. 
Jup iter, and Saturn. 

* These constellations are selected for this purpose because in England the Great 
Bear never sets, and Orion is remarkable to the southward during the winter evenings^ 
Proper names have been given to the most conspicuous of the stars ; besides which,, 
each star in a constellation is distinguished by a Greek or Boman letter, and some- 
times, when the number is great, by a figure or number, and also by a character such 
as a*, combining both a letter and figure. The first letter of the Greek alphabet (a) is 
usually given to the brightest in the constellation, the second letter {fi) to the next 
brightest, and so on to », the last letter. The Greek letters being exhausted, the 
Roman letters are then used in the same order. These letters were formerly sufficient 
to distinguiah all the stars in each constellation, but afterwards, as the power of the 
telescope increased, the number of stars in each group was found far to exceed that of 
the letters of these alphabets : they were then distinguished by means of numerals.. 
It is easy now to understand what is meant by a of the Little Bear, Aldebaran, or a 
Tauri, 61 Gygni, a« Capricomi, &o. 

The small letters of the Greek alphabet are principaUy used for distinguishing the 
brightest of the fixed stars. They are as follows : 

a alpha 1 iota 

i3 beta k kappa 

7 gamma A. lambda 

8 delta fi mu 

c epsilon y nu 

C zeta I ksi 

i?...k eta omicron 

theta ir pi 



p rho 

0- sigma 

T tau 

V upsilon 

^ phi 

X ohi 

* psi 

« omega 
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A line from ^ UrsaB Majoris (Merak) through a Ursae Majoris 
(Dubhe) points to the Pole-star (Polaris), which is at the same 
distance from Dubhe as the last star {rj) in the tail of the Great 
Bear. 

a and ^ Ursse Majoris are known as the Pointers. 

The Pole-star is not at but near the Pole, the latter point is 
on the line joining Polaris and the middle star in the tail of the 
Great Bear, so that when the last-mentioned star is vertically 
above or below Polaris both are on the meridian of the observer. 

A line from the first in the tail of the Great Bear {e) through 
the Pole-star points to Gassiopea, a constellation shaped like an 
irregular W, and about as far distant from the Pole as the square 
of the Great Bear. 

Fio. 64. 





Irs A Major 


DuBHi 


Orion 


*n 


i 




*K fricri) 



Arcturus (a Bootis) is found by a line through Polaris and the 
last star in the tail of the Great Bear drawn away from the pole. 

If the curve formed by the three stars in the tail of the Great 
Bear be continued, it passes first through Arcturus and then 
through Spica (a Virginis). 

The line joining Polaris and f Ursae Majoris also points to 
Spica. 

Arcturus, Spica, and 13 Leonis form an equilateral triangle. 

The twins (Castor and Pollux, or a* and fi Geminorum) are 
two conspicuous stars midway between the Great Bear and 
Orion; a line joining e Orionis and Orionis points towards 
them. 

a Cygni is found by drawing a line from the Twins through 
the Pole-star, and extending it for an equal distance on the other 
side of the Pole. 

Capella (a Aurigfle) lies on a line drawn from the Pole-star at 
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right angles to the Pointers (away from the Great Bear) at a 
distance of about 45°. 

a Coronas is pointed out by a line joining 3 of the Great Bear 
and the last star in the tail of the Great Bear ; it is the most 
conspicuous of several which form a semicircle. 

Vega (a Lyrae) is found by extending the line from CapeUa 
through the Pole-star to about an equal distance on the opposite 
side of the Pole. 

Thus, while ^ Ursae Majoris and Dubhe point to the Pole-star, 
Vega and Capella are at right angles to this line and about 
equidistant from the Pole-star. 

Vega, Arcturus, and the Pole-star form a right-angled triangle 
having the right angle at Vega. 

Altair (a Aquilae) is the central and brightest of three stars 
in a line, found by drawing a line from the Pole-star midway 
between Vega and a Cygni, and extending it for an equal distance 
beyond them. 

Altair, a Lyras, and a Cygni form a right-angled triangle having 
the right angle at a Lyras, 

The line of Orion's belt extended in a S.E. direction points to 
Sirius (a Canis Majoris), and extended in a N.W, direction it 
passes south of Aldebaran (a Tauri) and nearly through a con- 
spicuous group known as the Pleiades. 

Sirius, Orion's belt, Aldebaran, and the Pleiades are nejurly 
equidistant from one another. 

Procyon (a Canis MinorisJ is recognised by its forming with 
Sirius and the north-eastern star in Orion (a) an equilateral 
triangle. 

The square of Pegasus is a conspicuous irregular square 
pointed to either by a line joining the south-west and north-east 
stars in Orion (a and )9), or by a line from the Pole-star through 
the western part of Cassiopea. 

This square together with ^8 and 7 Andromedse and a Persei 
forms a figure much resembling the Great Bear on a larger scale. 

The position of the first point of Aries (see page 123) is nearly 
on a line passing through the two eastern stars in the square of 
Pegasus, and extended to the southward for a distance about 
equal to that between those stars. 

Eegulus (a Leonis) lies near a line drawn through S Orionis 

and Procyon, extended about the same distance that these stars 

are apart. 

BoToiution Before giving the definitions of terms used in nautical 

astronomy, we must consider more closely the apparent effects 
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to an observer on the earth of its movement of revolution round 
the sun. 

In fig. 55, S represents the sun, and Ej Eg E3 E^the positions 
of the earth at the commencement of the astronomical seasons of 




^2>«?27j 



(junezi) 



spring, summer, autumn, and winter respectively, the observer 
being supposed to look down from the north side of the plane of 
the orbit ; * the axis of the earth is not at right angles to that 
plane, but inclined to it at an angle of about 66** 33', and hence 
the plane of the equator and that of the orbit are inclined to one 
Another at an angle of about 23** 27' (90** -66** 33'). 

The observer, being unable to judge of the relative distances 
•of the heavenly bodies, sees them apparently on the interior ^®3t!*it^ 
surface of a very large sphere, of which his eye is the centre ; this 
is termed the Celestial Concave.* 

Fig. 66. 



oonoave 




The Poles of the heavens are the points of the celestial con- Poiesofthe 
<5ave towards which the earth's axis is directed. That pole which iieavens 
is above the horizon is termed the Elevated pole. 

From the point of view of the earth being stationary and the 

* The earth at E4 is about 3,000,000 miles nearer to the sun than when it is at £0 

' The derivcUion of the terms used in nautical astronomy will be found in Harbord's 

Glossary of Navigation, For convenience of reference the definitions are brought 

together and formally stated in the terms sanctioned for use in H.M.S. Britannia on 

pages 421-424. 
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sun revolving round it once a year, it will be convenient to com- 
pare fig. 56, drawn on this supposition, VTith fig. 55, which 
illustrates the true case. 

Si S^ S3 S4 are the apparent places of the sun as really seen 
from El E2 E3 E^. 

. -A. good general conception of the earth's motion round the 
sun, and of its effects in producing the alternations of the seasons, 
may be obtained by running a long pin through the centre of a 
spherical ball, so as to represent the earth and its axis, and carry- 
ing the ball by hand in a circular or slightly elliptical orbit round 
a lamp or candle as a centre, meant to represent the sun, the 
horizontal plane representing the ecUptic. If the axis of the ball 
be inclined to it at an angle of about 67® (the complement of the 
obliquity 23**), the upper end representing the north pole and the 
lower the south pole, it will be observed that as the ball is moved 
horizontally round the lamp, always keeping the axis parallel ta 
itself, the upper and lower sides alternately receive a greater or 
less portion of light and heat : the one may be taken to represent 
the conditions of summer, the other those of winter. There will 
also be two opposite positions of the ball, neither extremity of the 
axis being turned towards the light, in which the two halves or 
hemispheres of the ball would be equally illumined. These 
positions would correspond to that of the earth at the commence- 
ment of spring and autumn, the sun being in the equinox. 

If, in addition to its motion in its orbit round the lamp, the 
ball were at the same time made to rotate round its own axis, the 
explanation of the phenomena of day and night would be obtained. 
It would be observed that each half of the baU would be succes- 
sively illumined, also that when the ball was in such a position 
as to turn one extremity of its axis towards the light, its upper 
half would be wholly illumined, while the lower half would be in 
a corresponding condition of darkness. When the baU arrived 
at the opposite point of its circuit these conditions would be 
reversed ; the part formerly illumined would now be deprived of 
light, and the part formerly in darkness would receive the light. 
Thus would be illustrated the conditions of the long polar day 
prevailing in the simimer time and of the corresponding long 
night experienced in the winter season in the polar regions. 

The phenomena of alternate seasons, summer and winter,, 
spring and autumn, and the changes of day and night, produced 
by the combined motions of revolution round the sun and rotation 
round their own axes, are actually experienced by all the planetary 
bodies of the solar system. 
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Owing to the I'eal movement of the earth in the direction of EoUptio 
the double arrows (fig. 55), the centre of the sim will appear, in 
the course of a complete revolution or year, to describe a circle 
on the celestial concave in an opposite direction (fig. 56) ; this 
circle is termed the Ecliptic. The centre of the sun is of course 
always on the ecliptic ; and since the planes of the orbits of the 
moon and principal planets are but little inclined to that of the 
ecliptic, they at all times are near it.^ 

The plane of the earth's equator, being supposed to extend to Equinoctial 
the celestial concave, would form upon it another great circle ^'^^^*^*^ 
which would cut the ecliptic in two opposite points. 

The great circle thus traced on the heavens is termed the obUquity of 
equinoctial,^ and is evidently inclined to the ecliptic at the same ^^'^p**® ^ 
angle that the plane of the earth's equator is inclined to that of its 
orbit ; this angle (23° 27') is termed the obliquity of the ecliptic.^ 

The axis of the earth remaining for all practical purposes 
parallel to itself during each and every revolution, the two opposite uquinoctiAi 
points of intersection of the ecliptic and equinoctial are practically points 
fixed points in the celestial concave ; they are known as the first 
points of Aries and Libra, since in very early ages they occupied 
positions in those constellations. On March 20, when the earth 
is at E,, the centre of the sun occupies on the celestial concave 
the same apparent position as the first point of Aries, which is 
therefore termed the vernal equinoctial point ; and for a similar 
reason, when the earth on September 22 is at E3, the sun appa- 
rently occupying the first point of Libra, that is termed the 
autumnal equinoctial point. 

Thus the first point of Aries is indicated by the position of the 
sun where it moves from south to north of the equinoctial ; it is 
usuaUy denoted by the symbol T . 

Similarly, the first point of Libra, denoted by the symbol a , 

' The priooipal planets, except Meroary, are at all times sitnated within 4^ of 
either side of the ecliptic. Mercury at times is 7^ north or south of it, and the 
Moon 5^. 

Ad imaginary belt of the heavens extending 8° on both sides of the ecliptic is 
termed the Zodiac (see Inman's Tables, No. 19). 

^ This great circle is sometimes termed the Equinoctial and sometimes the Celestial 
Equator ; the former term will be retained in this book, to avoid confusion with the 
terrestrial equator. The obliquity is more accurately 23^ 27' 9" (1898), and is subjeo 
to small changes extending over very long periods. 

' A difficulty may occur to the reader that the plane of the equator, when the 
earth is at E, (fig. 55), is not identical with that when the earth is at £4, and that 
therefore the intersection of this with the fixed plane of the ecliptic will not be the 
savie in the two cases. This is strictly true, and would be appreciable at a finite dis- 
tance, but is not so at the infinite distance of the celestial concave. 
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is at the position occupied by the sun when it moves from north 
to south. 

The great circles of the ecliptic and equinoctial intersecting 
each other at the equinoctial points must be most widely separoted 
at positions midway between them ; these are known as the 
solstitial points, and the sun appears to occupy those positions on 
the celestial concave when the earth is at Ej (June 21) and E^ 
(December 21). 

The equinoctial being a fixed circle on the celestial concave, 
and the first point of Aries a fixed point on that circle,* the 
positions of heavenly bodies may be expressed in precisely the 
same way as those of places on the surface of the earth are 
expressed by reference to the equator and meridian of Greenwich. 

The terms Declination and Bight Ascension are therefore 
applied to heavenly bodies in the same sense that latitude and 
longitude are applied to positions on the earth. 

Circles of Declination are great circles which pass through the 
poles of the heavens and correspond to terrestrial meridians ; they 
are sometimes termed Hour Circles. 

The circle of declination passing through the first points of 
Aries and Libra is known in practical astronomy as the equinoctial 
colure, and that at right angles to this passing through the Poles 
of the equinoctial and ecliptic as the solstitial colure. 

The circle of declination passing through the east and west 
points is termed the six o'clock hour circle. 

Parallels of Declination are small circles whose planes are 
parallel to that of the equinoctial. 

The Declination of a heavenly body is the arc of a circle of 
declination intercepted between the equinoctial and the place of 
the body ; it is thus similar to latitude on the globe. Declina- 
tions are measured both north and south of the equinoctial, 
increasing from 0"* at the equinoctial to 90"* at each Pole. 

The Polar Distance of a heavenly body is the arc of a circle of 
declination intercepted between the elevated Pole and the place of 
the body, and is therefore the complement of the declination. 

The Right Ascension of a heavenly body is the arc of the 
equinoctial intercepted between the first point of Aries and the 
circle of declination which passes through the place of the body ; 
it is measured eastward from the first point of Aries, or against 
the movement of the hands of a watch, increasing to 360** or 
twenty-four hours (see page 180). Thus, the right ascension of 

' The first point of Aries is not really a fixed point, but moves yearly with a motion 
(approximately) of 50" to the westward, or from S, towards S^ (fig. 56). 
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the sun on March 20 is 0'', or hrs. ; on June 21, 90"*, or six 
hours ; on September 22, 180**, or twelve hours ; and on December 
21 it is 270°, or eighteen hours. 

The term Bight ascension was originally used as a distinction 
from Oblique ascension, which in old works on navigation was 
defined as * an arc of the equinoctial intercepted between t and 
the east point of the horizon where the heavenly body is rising.* 
Ascensional difference was defined as the * difference between right 
and oblique ascension,' while oblique descension was * the arc of 
the equinoctial between T and the west point of the horizon 
where the body is setting.* 

The fixed stars are so distant that their apparent positions are 
unaffected by the annual change of position of the earth, and their 
declinations and right ascensions practically only change by a small 
yearly amount, dependent principally on the annual movement of 
the first point of Aries. 

Figures explaining the foregoing definitions will be given after 
some further illustrations of the terms Horizon, Altitude, and 
Azimuth. 

The positions of heavenly bodies with regard to the first point 
of Aries and the equinoctial are obtained by the fixed instruments 
of astronomical observatories ; but observations at sea cannot at 
first be made to depend upon the ecliptic and equinoctial, and 
must be referred to some visible line or circle. 

This visible object is the Horizon, which at sea appears as an Horizoiiff 
unbroken circle, at the centre of which is the observer. The andaoaith 

following definitions apply to this 
part of the subject, and are illus- 
trated by figs. 57 and 58. 

The apparent or visible horizon 
(C D E F G, fig. 57) is that actually 
seen by an observer (a) elevated 
above the surface of the earth ; 
and its distance from the observer 
will evidently vary with his eleva- 
tion. 

The sensible horizon is that 
circle on the celestial concave the 
plane of which touches the earth 
at a point vertically beneath where 
the spectator stands, as JiaJi^ (fig. 
58) ; and a circle parallel to this 
and passing through the centre of the earth is termed the rational 
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horizon : thus H e H, is the rational horizon. These two circles, 
however, practically fonn one and the same great circle on the 
celestial concave. This may be readily conceived when we con- 
sider that the distance of any two points on the surface of the 
earth will make no sensible angle at the infinite distance of the 
celestial concave; therefore either of these two circles is to be 
understood by the word * horizon ' when considering the various 
heavenly bodies. 

The sensible horizon and a plane parallel to it passing through 
the eye of the observer may be considered the same for any 
elevations above the earth's surface with which we have to deal. 

Fio. 58. 

z 



setting 



The Zenith of an observer is that point in the celestial con- 
cave which is the extremity of the line drawn perpendicular to the 
rational horizon through the place of the spectator, as z (fig. 58). 

The Nadir (a term not often used) is the point in the celestial 
concave opposite to the zenith, 
musing and The Horizon and Zenith are of course different for different 

positions on the earth, and also are both carried round by the daily 
rotation of the earth on its axis ; the observer, being unconscious 
of this motion, perceives the heavenly bodies apparently moving 
in the opposite direction. 

Thus, in fig. 59, if A be an observer on the surface of the earth 
and z his zenith, the dotted circle, supposed to be the edge of a 
plane tangent to A and extending to the celestial concave, will 
represent the sensible horizon. 

The direction of rotation of the earth being that shown by the 
fitrrows, a star (B) will appear to be rising above, and a star (c) to 
be setting below the horizon, while d will be at some elevation or 
altitude above it. 
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Great circles passing through the zenith are called circles of Vertical 
alUtvde or vertical circles, and the altitude of a heavenly body may 
be defined as its angular distance from the horizon measured on a 
vertical circle. 

The complement of the altitude is termed the zenith distance. Altitude 
That circle of altitude which passes through the Poles of the celestial 
heavens is the celestial meridian, being in fact the plane of the meridian 
terrestrial meridian extended to the celestial concave. The points 
of the horizon through which the celestial meridian passes are 
caUed the north and south points. A circle of altitude at right 
angles to the meridian is termed the prime vertical. This last 
circle intersects the horizon in two points, called the east and west 
points. The east and west points are the Poles of the celestial 
meridian, and the north and south points the Poles of the prime 
vertical. 

Fio. 59. 



Prime 
vertical 




The azim/uth, or bearing of a heavenly body, is an angle sub- Azimutii 
tended by the arc of the horizon intercepted between the north or 
south points ^ and the circle of altitude passing through the place 
of the body ; or it is the corresponding angle at the zenith between 
the celestial meridian and the circle of altitude passing through 
the body. 

In fig. 59, z K represents part of a circle of altitude, and the 
altitude of a star (d) will be the angle d a k, or the corresponding 
arc D K of a vertical circle ; the zenith distance being the angle 
D A z, or the corresponding arc z D. 

The heavenly bodies are seen on the celestial concave by an A«trono- 
observer on the earth within it. Since, however, no one figure ^^^ 

* In Practical Astronomy azimnths are reckoned only from the sonth point, and 
increase to 360^ throngh west, north, and east. 
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Graphical 
illustrations 



Fio. 60. 



could show the whole interior of a spherical surface, astronomical 
diagrams are usually drawn on the supposition that the observer 
is outside the celestial concave. 

1. If the point of view is supposed to be immediately over the 
zenith of the observer, the representation obtained is said to be 
on the plane of the horizon, 

2. If the point of view is above the pole of the heavens, the 
representation is said to be on the plane of the equinoctiaL 

H. If the point of view is in the plane of the equinoctial, and 
at either the east or west point, the representation is described as- 
being on the plane of the celestial meridian. 

Of these three graphical modes of representing the positions 
of heavenly bodies, that on the plane of the horizon is most fre- 
quently used, but some problems will be found more clearly illus- 
trated by one or other of the projections on the plane of the 
equinoctial or meridian.* 

The definitions of Right Ascension, Declination, &c., will now 
be illustrated by figures drawn on the plane of the horizon. 

In fig. 60, let N w s E 
represent the horizon of the 
spectator ; then the point z, 
considered as the pole of the 
horizon, will be the zenith, 
and portions of great circles 
w E, N s, z o, will be parts 
of circles of altitude or verti- 
cal circles, usually repre- 
sented (though not quite 
accurately) as straight lines. 
Let the circle of altitude z n 
pass through the pole of the 
heavens p ; then n z s is the 
celestial meridian of the spec- 
tator, whose zenith is z ; and 

the circle of altitude w E, drawn at right angles to the celestial 
meridian, is the prime vertical. If P be the north pole, then the 
point of the horizon (n) intersected by the celestial meridian is 
the 7wrth point, and the opposite point of the horizon (s) is the 
south point ; the points of the horizon w, E, intersected by the 
prime vertical, are the west and east points. 




* These methods of drawing astronomical diagrams are all upon the stenographic 
projection of the celestial sphere. 
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To represent on the plane of the horizon, the pole of the heavens 
and the equinoctial for a given latitude. 



Fio. 61. 



In fig. 61, let N w 8 E 
represent the horizon, z the 
zenith, N s the celestial meri- 
dian, and w E the prime 
vertical; take z Q=the given 
latitude, and through the 
points w, Q, E draw a great 
circle w Q E ; this will repre- 
sent the equinoctial. For 
since the horizon and equi- 
noctial are both perpendicu- 
lar to the celestial meridian, 
the points where these inter- 
sect each other must be 90"" 
distant from every part of 
the meridian; that is, the 

equinoctial must cut the horizon in the east and west points. 

From Q measure q PssOO*"; then p will represent the pole of 

the heavens, since the pole of the equinoctial is the pole of the 

heavens. 




To represent the right ascension, declination, and polar distance 
of a heavenly body. 

Let N w s E represent the 
horizon (fig. 62), P the pole, 
z the zenith, and x the place 
of a heavenly body. Draw 
the equinoctial w Q E and let 
A be the first point of Aries ; 
through A draw A c to repre- 
sent the ecliptic inclined at 
a . angle of 23** 27' to w Q e. 
Through x draw a circle of 
declination, p r. Then a r 
is the right ascension, x R is 
the declination, and p x is the 
polar distance of x. 

E 
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To represent the altitude, zenith distance, and azimuth or true 
bearing of a heavenly body. 



Fio. 68. 




Systems of 
oo-ordinateB 



Let NWSB represent 
the horizon (fig. 63), N s the 
celestial meridian, p the pole, 
and z the zenith. Let x be 
the place of a heavenly body ; 
through X draw the circle 
of altitude, z o, and circle of 
declination, p x. Then x o 
is the altitude of the heavenly 
body, and z x its zenith dis- 
tance. The angle p z x or 
s z X, or the arc of the hori- 
zon N o, or s o, is its azimuth 
or true bearing. 

The following figure illus- 
trates some of the preceding 

definitions by a diagram drawn on the plane of the mendian (fig. 
64), the point of sight being the east point, and all great circles 
passing through that point being correctly represented by straight 

lines. 

B represents the east 
point ; N P z s the meridian, 
N and s being the north and 
south points; P is the pole 
and Q Qi the equinoctial ; z is 
the zenith and s N the hori- 
zon ; P X is the polar distance 
of a heavenly body x, and x R 
its declination; z x is the 
zenith distance of x, and x o 
its altitude ; while the angle 
s z X or P z X is the azimuth 

of X. 

In a similar way the 
student should when possible represent the examples for exercise 
throughout this work by figures drawn on each of the three planes ; 
that of the Equinoctial is illustrated on page 172. ^ , ^ ^, 

From the preceding definitions it wiU be observed that the 
position of a heavenlv body at any instant of time is defined either 



Fia. 64. 
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by its right ascension and declination, or by its altitude and 
azimuth ; the former elements belonging to what is sometimes 
termed the Equinoctial system, and the latter to the Horizon 
system. 

Our knowledge of the position of a ship at sea depends upon 
comparisons made between observed positions of heavenly bodies 
with regard to the horizon or to one another, and those they are 
known to occupy at the same time, as seen from the centre of the 
earth. The observed positions must be referred to the horizon 
system, but the known positions must equally depend on the 
equinoctial system, since they are obtained from predictions 
which could not possibly be made for the horizon of every place, 
and can only be expressed in terms of elements which are not 
affected by the position of an observer. 

These predicted positions are given in the Nautical Almanac. 

In practical astronomy the positions of heavenly bodies with celestial 
regard to the ecliptic and the first point of Aries are often required J^^^^^^e^^ 
to be known ; these are expressed as their geocentric latitudes 
and longitudes, but for nautical purposes these elements (termed 
the Echptic system) are not employed. If in fig. 62 p' represents 
the pole of the ecliptic, and a great circle p' m be drawn passing 
through p' and a heavenly body x, then x M- is the latitude and 
A M the longitude of x. 

The latitudes of heavenly bodies are reckoned in precisely the 
same way as terrestrial latitudes, but celestial longitude is reckoned 
eastward from the first point of Aries continuously through 360* 
along the ecliptic. 

The position of a planetary body as seen from a spectator's 
plfiW5e on the earth's surface, after the application of the necessary 
corrections, gives its geocentric place, or its position as viewed 
from the earth's centre. From this by calculation can be obtained 
its heliocentric place, or its position as it would appear if seen 
from the sun's centre. The stars are at such a vast distance that 
their geocentric and heliocentric places are the same. 

Conversion of Eight Ascension and Declination into 
Longitude and Latitude, and the Converse. 

In figure 65 let a be the first point of Aries ;, a b the 
equinoctial, and p its pole ; A L the ecliptic, and p' its pole. 

Let 8 be a star, p s d the circle of declination, and p' si the 
circle of latitude, passing through it. Join a and s by the arc of 
a great circle. 

K 2 
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Let A D, the star's right ascension =a 
s D, its declination =S 
A I, its longitude =L 
s I, its latitude =X 

Also, let L A E, the obliquity of the ecliptic 
and A s = X. 

Then in the right-angled triangle s A 

tan B 
tan ^ s= 

sin 8 



And 



sm a 

sin S 
sm 6 = -. or sm X = . . 
^ sm X sm <^ 



tan a . ^^^ * 

cos 6 = or tan a; = , 

^ tan X cos 9 



Similarly in the right-angled triangle s a i — 



sin (^— ft)) = 

cos (^ — ft)) = 



sm X 
sin X 
tan L 
tan X 



or sm X = 



sm X 



or tan x = 



sm (^— o)) 
tan L 



cos (^ — ft)) 



s A D = <^; 

(a) 
ih) 

(c) 

(d) 
(e) 



Fig. 65. 



Then from (a) ^ becomes 
known, and equating the values 
of tan X from (c) and (e) — 

tan L _ tan ( a) 
cos (<^— «) cos (<^) 

. T tan a cos (6— © 

tanL= ^ 

cos (f> 

Again, equating the values 

of sin X from (jb) and (d) we 

have — 

. ^ sin S sin (6—a>) 

sm X = : — ,^- — ' 

sm <f> 

From which formulsB we can 
obtain the geocentric longitude 
and latitude of a heavenly body, 
its right ascension and declina- 
tion being known. 

The Nonagesimal, called also 
the * mid-heaven,' is«^the highest point, or 90th degree of the 
ecliptic reckoned from its intersection with the horizon at any 
time, and its altitude is equal to the angle that the ecliptic makes 
with the horizon at their intersection, or equal to the distance 
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of the zenith from the pole of the ecliptic. This point is 
frequently mentioned in discussions, in which the places of the 
heavenly bodies being, referred to the ecliptic, their latitudes and 
longitudes are elements of the calculation. 

We now proceed to a detailed description of the principal 
instrument employed in nautical astronomy for determining the 
positions of heavenly bodies at any instant of time. 

The Sextant. 

The sextant * is an instrument designed for the measurement Sextant 
of angles, and especially adapted for use at sea, where the constant 
motion of a ship renders ^^d instruments for that purpose of no 
avail ; the chief use of the sextant for nautical purposes is to 
measure altitudes of the heavenly bodies. 

The construction of this instrument is based on the principles Laws of 
of the laws of reflection of light from plane mirrors, which are — reflection 

(1) The angle of reflection is equal to the angle of incidence. 

(2) The incident and reflected ray are both in the same plane, 
which is perpendicular to the reflecting surface. 

The following are the namtes of the principal parts of a 
sextant : 

In fig. 66, m m\ the index glass, or movable reflector, is a plane irames of 
mirror attached to M c, the radius bar, and movable round the p*^ °5 

sextant 

<5entre m. //' is the horizon glass or fixed reflector, half of which 
is a plane mirror and half unsilvered glass, o is the telescope,^ 
screwing into the collar -H k, which is supported on what is termed 
the up and down piece, and can by mfeans of a screw at the back be 
drawn in or out from the body of the instrument, v is the vernier 
plate, immediately above or below a b, the graduated arc or 

* a manuscript description of the principles of construction of the sextant was left 
by Sir Isaac Newton ; the first instrument actually made was by Hadley in 1781. 
Originally the arc only subtended an angle of 45°, and the instrument was therefore 
termed a quadrant, being only available for measuring angles of 90° and less. 

' Sextants are usuidly fitted with two telescopes, one of which inverts objects 
while the other does not. The object of an inverting telescope is to obtain considerable 
magnifying power without much loss of brightness, the loss of light in an erecting 
telescope being occasioned by the necessary introduction of additional lenses, each of 
which absorbs a certain amount of the light passing through it emanating from the 
object looked at. 

A telescope having a large field glass for observations of stars is now generally 
supplied also. 

A greatly improved form of sextant, admitting of measuring angles up to 180°, 
was formerly constructed by Pistor & Martins, Berlin. In this instrument a yriAm was 
•substituted for the mirror of the horizon glass. 

It is, however, extremely difficult to cut a prism sufficiently accurately. 
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limb. N (not shown) is the clamp screw behind c, and T the 
tangent screw; s being a magnifying glass for reading the 
graduated arc, and w and x coloured shades. 

The theory of the construction of the sextant may be explained 
by means of the following figure (fig. 67). 

Fio. 66. 




Theory of 
oonttraotion 



Suppose a ray of light proceeding from the object x (fig. 67> 
in the direction a* d to impinge on the surface of the movable 
reflector m at the angle x m w ; then the ray will be reflected back 
in the direction m f, making an angle F m m' with the movable 
reflector equal to the angle a; Mm. Again, at the fixed reflector f,. 
the ray M F will suffer another reflection in the direction F D, 
making, with the reflecting surface//Vthe angle DF/'=angle 
M F /. If we suppose an observer s eye to be ^aced at D, and 
another ray of light to proceed from the object y along the same 
line y F D, the rays from the two objects x and y will thus appear 
to come to the spectator from the same point y ; the image of the 
object X having been transmitted to him from the quicksilvered 
part of F, and the direct image of y through the part of F which 
is left transparent for that purpose. The angular distance between 
X and y, which is required to be found, is the angle « m a;i=D,. 
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and this angle D will be proved (see page 136) to be double of 

the angle a m c, measured by the 
^^' ^^' arc A c ; A M being supposed to 

be drawn parallel to the sur- 
face//' of the fixed reflector f. 
Hence, if the arc A b, supposed 
to be the sixth part of a circle/ 
or to subtend 60° at m, be so 
graduated that it shall contain 
twice that number, or 120**, then 
the reading on the arc A c will 
be the value of the angle at d ; 
and this is the method adopted 
in dividing the arc of the 
' sextant. 

To observe, therefore, the 
angle between any two objects, 
X and y, the observer * at D looks directly at the left-hand or lower 
object y (according as the angle to be measured is horizontal or 
vertical) through the fixed reflector f ; he then moves the radiua 
bar M c, attached to the movable reflector m, in the plane passing 
through D and the two objects, until he sees the ray proceeding 
from X in the same direction as the object y. Then the reading 
on the arc A c measures the angle at D, the angular distance 
between the two objects x and y. 

Note. — x and y are sapposed to be sa£Sciently distant for two rays from either 
of them to eaoh of the mirrors m and f to be sensibly parallel. 

If measuring an angle between two objects differing in either 
distinctness or brightness, the least distinct or bright should 
be looked at directly, since by reflecting an object it necessarily 
becomes fainter ; if this direct object is on the right of the other, 
the sextant should be held in an inverted position with the 
face downwards.' 



* Henoe the original name of sextant, though such instruments now generally 
meMme more than 120°. 

* The observer's eye is seldom exactly at the point d, but at some other point in 
the line n f ; this, however, will make no appreciable difference when the objects x 
and y are at a considerable distance from the spectator, as the sun or moon ; in all 
cases the angle recUly measured is that subtended at h between the two observed 
celestial objects. 

* In sextants used for surveying operations two index glasses are sometimes fitted 
to the same instnmient, thus admitting of two angles being measured at the same 
instant, or of a left-hand object being brought to the right without inverting the 



Digitized by 



Google 



136 NAVIGATION AND NAUTICAL ASTRONOMY 

Proof that the arc A c or inclination of the mirrors to one another 
measures the angle at D between tJie two objects x and y. 

Produce m f (fig. 67) to B and // to cut the line m c in o ; 
then the angles x um and D m g are equal, being vertical angles ; 
also the angle a; m m is equal to the reflected angle F m g ; let 
therefore these three equal angles at m be represented by the same 
letter b; in the same manner the three angles, denoted by a, 
formed at F by the reflected ray, may be shown to be equal. 

Now, in the triangle m D f, the exterior angle efd=fmd + 
MDF, or 2a=26 + D. 

also in the triangle F g m, the exterior angle a=& + f g m. 

.-. 6 + iD = 6 + FGM, or iD = FGM = GM A, 

since F G is parallel to m A. 

But the arc a c, which measures the angle g m a, is divided 
into double the number of degrees due to its length, the divisions 
being supposed to commence at the point A ; therefore the angle 
read on the arc A c measures the angle D, the angular distance 
between the two objects. 

The fact that the direction of a ray of light reflected from the 
surface of a plane mirror is changed by double the angle through 
which the mirror is turned, is of such importance that another 
illustration is now given. 

Let A B (fig. 68) represent a fio. 68. 

plane mirror perpendicular to the 
plane of the paper and capable of 
rotation round an axis c, also 
perpendicular to the paper. 

Let T c represent an incident 
ray which, when the mirror is in 
the position ab perpendicular to 
T c, is reflected back in the same 
line. 

On turning the mirror through an angle A c a^ the reflected 
ray takes the direction c R, making an angle nor with n c the 
perpendicular on the mirror equal to the angle of incidence ton. 
Hence the deviation T c R of the reflected ray is double the angle 
T c N or A c Ai through which the mirror has been turned ; and on 

sext&nt. This form of instrument (termed a double sextant) might be also very nsefal 
in navigation. 
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rotating the mirror through a further angle By the reflected ray 
will be turned through a further angle 2 0. 

The principal adjustments of a sextant are the following : 

1. The movable reflector or index glass m (fig. 66) should be Adjustments 
perpendicular to the plane of the instrument. sertant 

2. The fixed reflector or horizon glass f should be perpen- 
dicular to the plane of the instrument. 

3. The line of coUimation, or the imaginary line joining the 
-centre of the object-glass with the centre of the space enclosed 
by the wires in the eyepiece, should be parallel to the plane of 
the instrument. 

4. When the fixed and movable reflectors are parallel the 
reading on the arc should be zero. 

First adjustment. — To see if the movable reflector is per- Adjustment 
pendicular to the plane of the instrument. TOfleotor*^* 

Place the radius bar m c near the middle of the arc, as at c 
(fig. 66) ; turn the face of the instrument upwards, and look 
obhquely into the reflector m, the eye being in the plane of the 
sextant and near M. Then the image of the arc a b will be seen 
in the reflector M ; and if this image appears in one unbroken 
line with the arc a b itself, M is perpendicular to the plane of the 
instrument. 

If the reflection of the line A B appears above or below the 
line A B itself, then the reflector m is out of adjustment, and must 
be corrected by certain screws or studs at the back. This adjust- 
ment, in good instruments, seldom requires to be made ; and when 
it is requisite, it is best when practicable to send it to the maker 
to be rectified. 

Second adjustment. — To see if the fixed reflector is perpen- Adjustment 
dicular to the plane of the instrument (technically to test for ^^^^r 
•*side ' error). 

Look through the telescope and the fixed reflector F (fig. 66) 
at a star, the sun, or any well-defined distant terrestrial object, 
holding the instrument in any position ; bring the index towards 
the commencement of the divisions, and move it gently backwards 
and forwards until the image of the object is placed as nearly as 
possible upon the object itself ; then, if the image is foimd to coin- 
cide exactly with the object, the fixed reflector F is perpendicular 
to the plane of the instrument. 

If any portion of the object is seen not coinciding with its 
image, then f is not perpendicular to the plane of the instrument ; 
And the adjustment is made by means of a screw, which in some 
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instruments is under the glass, in others behind it, and in others 
at the side. The screw must be turned gradually till the image 
is made to coincide with the object. Thi& adjustment, which is 
frequently required to be made, may be also tested by holding the 
sextant with its plane nearly vertical and bringing the direct and 
reflected images of the sea horizon into contact ; on inclining the 
sextant until its plane is nearly horizontal the contact should still 
be maintained. 
Adjustment Third adjustment — To see if the line of collimation is parallel 

to the plane of the instrument. 

The telescope being placed in the collar of the sextant, turn 
the eyepiece round till two wires are parallel to the plane of the 
instrument.^ Bring the darkened image of the sun (when at a 
considerable distance from the moon — i,e. from 90*" to 120**) to 
touch the limb of the moon at the middle point of the upper of 
these wires, and then immediately, before any perceptible change 
in the distance of the two bodies can take place from their own 
proper motion, bring the point of contact of the two bodies to 
the lower wire, when, if they still appear in contact, the axis of 
the telescope may be considered to be parallel to the plane of the 
instrument ; if otherwise, the adjustment is made by means of 
two screws in the collar — slackening one and tightening the 
other. In some instruments, however, these screws are want-^ 
ing, the adjustment of the parallelism of the tube being supposed 
to be carefully made before the instrument leaves the maker's 
hands. 

If the two objects appear to separate on the wire farthest from 
the plane of the instrument, the object end of the telescope droops 
towards the sextant, and vice versd. 

The adjustment for collimation may also be conveniently 
tested with an artificial horizon by contacts of the two suns made 
in a similar way when the sun is moving slowly in altitude, or by 
the moon and a bright star or two bright stars. 

With a properly adjusted telescope two images seen in contact 
on the wires will overlap in the middle of the field. 

The adjustment for collimation is seldom required to be made 
for ordinary observations at sea, but it should be carefully 
examined before taking lunars or before observing on shore with 
the artificial horizon. 

Let M the centre of the movable reflector be considered the 

' This is effected by looking at a distant object or star and slightly separating the- 
real and reflected images, keeping both in the field of view, and taming the eyepieoe- 
ontil both images are on the same wire. 
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centre of an imaginary sphere, and b a c a great circle, the plane Theory of 
of which is that of the face of the sextant and of which Q is the o^^ion. 

pole.* 
Fig. 69. Let A and c be two objects between 

which an angle is measured, the direc- 
tion of the perpendicular to the index 
glass being M p, and that of the per- 
pendicular to the horizon glass m p, 
the line of collimation m a being (if in 
adjustment) in the same plane as m p 
and M p. 

In this case a ray of light from c is 

reflected from the index glass in the 

direction M B (p b=p c), and this ray 

is again reflected from the horizon 

glass in the direction am {p B^p A), so that c and A appear in 

coincidence, and cu a=2 p p is the true angle between c and A 

and also the angle measured by the sextant. 

If, however, the line of collimation is inclined to the plane of 
the sextant so that it meets the surface of the sphere at a' instead 
of A (a' a measuring that inclination), then on tracing backwards 
the ray a' m the plane of reflection from the horizon glass is 
a' m b', and b' M (p A'=p b') is the direction of the ray as 
reflected from the index glass ; therefore b' p c' represents the 
plane of reflection from the index glass, and c' m (b' p=p c') the 
original direction of the ray which is seen reflected in the direction 
M a'. 

Hence in this case the true angle between two objects a' and 
c' seen in coincidence is the angle a' m c', and the sextant angle 
is as before A m g=2 p p. 

Let the sextant angle a c=a 
„ true angle a'c' = a' 
„ inclination of line of collimation A A' = i. 

Then since from the laws of reflection A a'=b b'=c c', q a' c' 
is an isosceles triangle in which q a'=q c'=:90**— i, and the angle 
Q=a and the side a' c'=a'. 

Hence cos a' = sin^ + cos^i . cos a. 

Let a'^a—Xy so that x is the correction to be applied to the 
instrumental reading to obtain the true angle. 

Then on making this substitution and expanding cos (a— a;) 

cos a . cos a; + sin a . sin a;=sin^* (1— cos a) +cos a. 
* This section may be omitted on first rea4ing. 
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SxAmplds 



fFhe index 
error of the 
sextant 



Since x is always a small quantity, we may consider cos « = 
unity, and the above expression becomes 

sin a . sin -c=sin* i (1 — cos a) 
.•. sin x=sin^ i . tan ^a. 

Required the error in the observed angles 90° and 150**, when 
the inclination of the line of coUimation is 1°. 

On substituting in the above formula values of ^=1**, and a= 
first 90** and then 150**, it is seen that the error in one case is 
1' 3", in the other 3' 54". 

From this it appears that a slight inclination of the line of 
coUimation to the plane of the instrument produces a considerable 
error in determining the true angle between two objects ; that 
this error increases as the angle increases ; and that the observer 
should always take care, in accurate observations, to make the 
contact as near the middle point of the field of view as possible. 

When this error exists observed angles are always too large. 

Fourth adjustment — We have supposed above that the 
graduations of the arc commenced at a (fig. 67), the point in the 
arc cut by a line m a, parallel to the fixed reflector F ; but this is 
seldom the case, the zero point of the arc being often a little to 
the right or left of A. 

Let us suppose the graduation to commence at o (fig. 70), to 
the left of A, then the angle D (fig. 67) would be equal to the read- 
ing on o c + the small arc o a. The arc o a is called the index 
error, the value of which is usually determined by measuring a 
small angle, such as the sun's horizontal diameter,^ off and on the 
arc, that is, to the right and left of o ; 
to enable us to do which, the divisions 
of the arc are continued a little to 
the right of the zero point o (arc of 
excess, usually measuring 5**)., 

The index error may also be 
defined as twice the angle between 
the planes of the horizon and index 
glasses when the angle read on the 
arc is zero. 

Let P be the point on the arc 
through which the line M c passes 
(figs. 67 and 70) when there is a — 
contact of the direct and reflected 
limbs of the sun on the arc, and q the point through which M c 

I The reason for measuring the Iwrizontal diameter (especially at low altitudes) 
will be found on page 150. Horizontal diameter does not of course mean the diameter 
when on the horizon. 
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passes when there is a contact of the two Hmbs to the right of 
o, and therefore called off the arc; then, since the direct and 
reflected suns must coincide when the line M c is at A, the arc 
A P=arc A Q. 

Let a=o p, the measure of the sun's horizontal diameter on 
the arc ; 
6=0 Q, „ „ „ off the arc ; 

e=o A, the index error required. 
Then, since A p=5A q, 

a + a-si— e; 
or 2€=6— a, 

«=i (6-a) ; 

or the index error is equal to half the difference of the measures 
of the sun's diameter off and on the arc. 

In this case, the index error o A, or «, must be added to the 
arc o c, to obtain the angle between the two bodies x and y 
(fig. 67) ; this is evident from the figure : hence the index error is 
said to be additive when the reading on the arc is less than the 
reading off the arc. 

In the same manner it may be shown that if the zero point o 
is to the right of A, the index error 6 = i (a — 6), and is subtractive ; 
that is, if the reading on the arc is greater than the reading off 
the arc, when a contact of the true and reflected limbs of the sun 
is made. 

It is also evident that the arithmetical sum of these readings 
should, with good observations, equal four times the sun's semi- 
diameter as given in the Nautical Almanac. 

The index error may also be found by bringing into coinci- 
dence the direct and reflected images of a star or very distant 
terrestrial object,* or the sea horizon when well defined, the 
reading when the images are in contact being the index error, 
additive when it is on the right of zero and subtractive when on 
the left. 

The index error can be removed by turning the horizon glass 
(by its adjusting screws) round an axis perpendicular to the plane 

> With near terrestrial objects, since the rays of light from them to the index and 
horizon glasses are not parallel, the direct and reflected images of the same object will 
not coincide when these mirrors are parallel, and the index error will differ from that 
obtained from observation of the sun by the angle sabtended at the object by the 
distance between the mirrors. 

This angle (termed the parallax of the sextant) is included in the index error when 
that is determined from the object which is seen through the horizon glass. With the 
sextants commonly used in the Royal Navy this angle is about 20" for an object at a 
distance of half a mile. 
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of the sextant, but it is not advisable to do this unless the error is 
very large. 

In some sextants of French manufacture this object is attained 
by moving the vernier plate, 
isxampies j^ q^ April 19 thesun's diameter on the arc measured 29' 20", 

and off the arc 34' 30". Eequired the index error. 

Beading on arc 29' 20" 29' 20" 

Beading off arc 34 30 34 30 

2) rib 4)63^50' 

Index error + 2 35 15 57 sun's semi-diameter 

(agreeing with 
that in Nautical 
Almanac). 

2. On January 1 the mean of five observations of the sun's 
diameter measured on and off the arc gave the following 
readings : 

On, 34' 10"; off, 31' 5". Bequired the index error.— ^w«., 
1' 32" subtractive. 

NoTB — In the rare cases of both readings being either on or off the are, half 
their sum is the index error, and a quarter iheir difference shoald be the sun's semi- 
diameter. 

It is to be remarked that, owing to the * spring * or elasticity of the radius bar, 
there is a small but perceptible difference between the index errors obtained by the 
onward and backward movements of the tangent screw. 

The stability with which the index error of a sextant is maintained is an excellent 
test of the quality of the instrument. 

The ▼emiep The vemier ' is a small instrument applied to most graduated 

nautical instruments to enable readings to be accurately obtained 
when the index lies between the graduations on the arc, or, in other 
words, to subdivide the spaces between these graduations. 

It takes the general form of a small arc whose graduations are 
closely appUed to those of the instrument in question, and the 
principles of its construction may be illustrated by the following 
general considerations : 

Suppose that the limb of the instrument considered is graduated 
so that the length of each division is d, and it is required to sub- 
divide each of these into m equal parts ; then a space equal in length 
to m— 1 divisions of the limb is on the vernier divided into m equal 
parts, so that the length of m divisions on the vemier=(m— 1) d, 

and therefore that of one division is f - ""- ]d. 

\ m J 



1 



The vernier was invented by Pierre Vernier in 1631. 
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Hence the dij^erence in length between one division on the 

instrument and one on the vernier =d— ( " ) d= -. 

\ m J m . 

Let this difference be represented by 8.^ 

If in fig. 71 D L represent the limb of an instrument and t v a 
vernier divided as above ; then if i o represents the position of the 
index, the angle to be read off is in excess of a, the nearest integral 
division on the right by the arc b a? 

On looking to the left, it is seen that the graduations of the 
limb and vernier are in one line at c, supposed to be n divisions of 
the vernier from o. 

The value of 6 a is therefore n S within a limit of error of S, 
since on looking to the right from c the divisions of the vernier 

Fio. 71. 

La 
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fall short of those on the limb by successive values S, 2 S, 3 S, n S, 
and therefore from a position in which b o was in line with a, the 
index would have to be moved over an arc n S in order to occupy 
its present position. 

In good sextants it is usual to make each division of the limb 
equal to 10', and to construct the vernier so that, if completely 
divided, 120 of its divisions would equal in length 1 19 divisions of 
the limb ; this would give the value of S equal to 5" ; but as for 
most nautical purposes such accuracy is unnecessary, only every 
alternate division of the vernier is given, and the reading can be 
obtained to 10". Such an arrangement is generally termed an 
extended vernier. 

Where angles are required to be read off on the arc of excess, 
as in determining index errors by observations of the sun, the 
vernier is read from left to right ; that is to say, the number of 
divisions are counted from the left of the vernier until a division 
on that is seen to be in line with one on the arc. 

This arises from the graduations in this case increasing in value 
from left to right. 

The vernier attached to a station pointer and to the azimuth 

^ 8 is termed the least count of the vernier, and is equal to the value of the smalleet 
division on the arc divided hy the number of divisions on the vernier. 

' That is on the supposition that the value of the graduations increases from right 
to left, which, in the sextant, is the case when angles are read off on the arc. 
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circle of an Admiralty compass usually enables angles to be read 
off to the nearest minute. 

The vernier of a barometer is constructed so that twenty- 
five divisions upon it equal in length twenty-four divisions on 
the scale, so that, as each of the latter is *05 inch in length, 
the graduations can be read to a degree of accuracy of '002 inch 

\25J 

The accompanying figures represent the position of the vernier 
T v, with regard to the limb of a sextant D L (1) when the angle 
read off is 3** 30' on the arc, and (2) when the angle is 30' off the 
arc, the least count of the vernier being 1'. 

Fig. 72. Fig. 73. 





M^oteaonthe ^ order to equalise the apparent brilUancy of two objects 
•extant between which an angle is being measured, the coloured shades 

should be turned down so as to give as little contrast of colour as 
possible, and the telescope, by means of the up and down piece, 
screwed in or out from the plane of the instrument until the 
intensities of light from the two objects are equal. ^ 

The two faces of each of the coloured shades should be parallel 
to one another ; this may be tested by measuring the sun's dia- 
meter with a suitable combination of shades : invert one of the 
shades by removing the pin upon which they turn, and again 
measure the diameter. Half the difference of the two readings 
will be the error due to that shade. The error may also be tested 
by comparing the index error determined with the coloured glass 
over the eye-glass of the telescope with those formed by using 
the ordinary shades. 

The front and back surfaces of the index glass should be per- 
fectly parallel to each other ; this may be tested by examining 
through a telescope the distinctness of the image of a star reflected 
at an angle of about 120**. Any such defect in the horizon glass 
will equally affect all angles (including the index error), and there- 
fore produce no effect. 

A source of error to which all circular graduated instruments 
are liable arises from the centre of the arc of graduation not 
exactly coinciding with the centre of rotation ; thus in a sextant, 

* The necessity for doing this arises partly from the fact that of two objects of 
exactly the same size the more brilliant always appears to be the larger ; this effect is 
termed irradiation. 
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if A is the centre on which the index glass turns, and Aj the centre 
of the graduated arc Bj Cp on observing an angle bag the 

magnitude is incorrectly read off on B| Ci 
instead of on B c. 

On instruments such as the theodolite 
and azimuth circle of the standard com- 
pass, where the graduation extends round a 
complete circle,, the effect of this error is 
obviated by taking a mean of two readings 
180'' apart. 

In a sextant this error (which differs 

for different angles) may be found by 

comparing observed distances between stars with those calculated 

from their astronomical positions ^ ; these observed distances must 

be * cleared * for refraction similarly to lunar distances. 

Where the latitude is very exactly known, this error is also 
found by comparing observed and calculated meridian altitudes of 
various stars, such observations being made with the artificial 
horizon {see page 337). 

Note.— Whftt is commonly known as oentering error practically includes errors 
Msing from (1) eccentricity of the centre of the axis of the radius bar and the centre 
of the arc, or centering error proper ; (2) faulty graduation ; and (8) flexure of the 
frame of the instrument caused by varying temperature or by accidental blows. 

The combined effect may be tested by observing stars at nearly equal altitudes 
north and south of the zenith in the artificial horizon ; half the difference of the 
latitudes resulting from each star will be the centering error for that altitude, the 
correction being min/us if the latitude from the star on the polar side of the observer is 
the greater, and plus if the contrary is the case ; or the angular distances of a 
number of terrestrial points in the same horizontal plane may be accurately determined 
ifi-ith a theodolite and also measured with the sextant. 



Corrections of Altitudes. 

Observed altitudes of heavenly bodies and observed angles Oorrections 
betweeen them require the application of some or all of the f oUovsr- 
ing corrections : Index error of sextant, dip, refraction, semi- 

* Sextants are tested at the Observatory, Kew, for all sources of error on payment 
of a small fee ; a description of the instrument employed in doing this is given in the 
Proo. Royal Society for 1868 and 1883. 

A good sextant should not have an error of centering greater than 80", and coloured 
shades having an error of more than 40'' (arising from the two sides not beinx parallel) 
are rejected. 

With sextants which obtain A certificates the error of centering may be considered 
to vary from 10" to 50" : those obtaining B certificates have sometimes 1' 80". 

In 1884 a sextant which had been in use at sea was found to have an error of 
centering increasing from zero at 0^ to + T at 60°, and + 10' at 90°. 

L 
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Fio. 76. 



diameter, and parallax. The necessity for applying these correc- 
tions arises from the fact that to combine observations made at 
different places on or above the earth's surface with the elements 
taken from the Nautical Almarhoc^ they most all be reduced to a 
common supposed point of observation, which is considered to be 
the centre of the earth. The index error has already been described ; 
the other corrections will now be considered in their order of 
application. 
Dip Let £ be the place of the observer's eye, E s the direction of the 

object the altitude of which is to be found in 
angular measure, i,e. the angle s E H, eh 
being the horizontal line.' 

Then, the observer's visible horizon being 
the tangent to the earth from £, the altitude 
given by the instrument will be the angle 
seh'. 

The difference between these two, namely, 
the angle h e h', is the dip, or depression of 
the visible horizon, and is that which must 
be subtracted from the observed in order to 
obtain the apparent altitude of s. 

2a 




To prove that tan dip = \/— 



With the same construction as above. 

Let E A=a, CB=r. 
Then he h'zsQO**— c e h'=b c b. 

Thus, tan dip=tan h e H'=tan e c b= 



EB 



Now (Euc. in. 36) E B*=E A . E P 

=a (a + 2r)=a« + 2ar 
.-. EB=\/a*+2ar 



tan 






+ 2ar 



^^ nearly (since a' is small com- 



V 



pared with r) 



2a 



* Note. — The sensible horizon is in strictness drawn from a, bat even the nearest 
of the heavenly bodies is so distant that the length of a a may be considered as 
nothing in comparison with it ; that is, the angle at s subtended by a s is immeasurably 
small. 
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Since the dip is a very small angle, tan dip = circular measure 
of dip. 

_^ dip in mipntea . dip in minutes _ I la __ / 2a 

"67^^29577°ir60 * ' 67^9677°T60 " V 7 ~ V 3960 x 1760 x 8 , : 

or dip in minutes=«-I:295JI!^i0W2^^^1.063^^ 
V3960x 1760x3 

This value of the dip (true dip) is, however, affected by refrac- 
tion, which raises the apparent horizon above the true {see page 
148) ; the amount of this cannot be very accurately determined 
on account of the variable nature of refraction at low altitudes. 
Experiments seem to show that refraction diminishes the amount 
of dip by about ^^th of itself ; according to Inman, its value is 
about i^th of itself ; others make it about ^ji^th. If we take it at 
^ths of itself, the results will correspond very nearly with those 
found in most tables. 

Hence tabular dip=^x 1-063 x\/a = -984\/a. 

Calculate the tabular dip for the height of the eye above the Example 

8eass20 feet. 

dip= -984^20. 

log. -984 i-992995 

„ V20 0- 650515 

„ dip 0-643510 

A dip=4''4=4' 24" 

Calculate the dip for the height of the eye above the sea= 
110 feet, and for height=30 feet. Am, 10' 19", 5' 24" 

NoTB.— It will be noticed on reference to the Dip table (No. 13 of Inman's Tables) 
that the dip cham^tB most rapidly when the observer is near the sarfaoe of the water ; 
hence in a roagh sea, where the height is neoessarily uncertain, it is oostomary to 
observe from a position as high as convenient. 

In the event of the horizon from the bridge of a vessel being obscured by fog, a 
new horixon may often be obtained by observing from a position nearer the level of 
the sea. 

It will be remarked that since in fig. 75 the angle A o B is 
equal to the true dip or angle H E h' (since they are both equal to 
the complement of the angle beg) the distance of the true sea 
horizon (of which a o B is the angular measure) expressed in 
minutes of arc or miUs is approximately equal to the square 
root of the observer's height in feet 

The distance of the visible horizon from the observer is 
measured by the angle ace (fig. 76), and is practically equal to 

1.2 
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Fig. 76. 
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the tabular dip increased by one-sixth of itself; thus from an 
elevation of 20 feet above the sea an object first becomes visible 
at a distance of 4' 24" + 44"=5' 8"=5'13 nautical miles. 

The adjoining 
figure will further 
illustrate the eflfect 
of dip on an observed 
altitude. 

Aji observer at o, 
elevated o a feet 
above the surface of 
the earth, in observ- 
ing the altitude of a 
body A above the 
horizon really mea- 
sures the angle A o 6], 
since the true horizon 
is raised by refrac- 
tion, and instead of 
being seen in the direction o& a more distant point c is seen 
in the direction o&p a tangent to a curve passing through c 
and 0, 

The angle A a A, is the apparent altitude, and is practically 
the same as the angle A o A, which is equal to a o 6^ (the observed 
altitude) less h o b^, which is the apparent dip given in Inman's 
Tables. The true dip is the angle hob. 

When a heavenly body is so situated with regard to an ob- 
server that it appears to be over the land, the altitude is measured 
to the waterline of the shore, and the dip to be applied is taken 
from the table of dip for a shore horizon (No. 14) ; this, represented 
by the angle A o c in fig. 77, is greater than the dip for the true 
horizon A o 6, and depends upon the distance of the observer from 
the shore. 

But for the existence of the atmosphere surrounding the earth, 
a ray of light emanating from a heavenly body s' (fig. 78) would 
proceed in a straight line to the eye of an observer A on the sur- 
face of the earth, and he would see it in the direction of A s'. 
The atmosphere, however, causes every ray from s on passing 
through it to be deflected from a straight line to a curve concave 
to the surface of the earth, so that the ray which renders s visible 
to A has really pursued a curved track such as s a 6 c A (the limit 
of the atmosphere being represented by the outer circle in the 
figure), and the observer sees s at x in the direction of the tangent 
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to that carve at a ; hence the altitude is augmented by the angle 
X A s^ This angle is termed the Befraction. 

Astronomical refraction is only a special instance of the uni- 
versal law by which every ray of light passing from a less dense to a 
more dense medium is bent (usually in the same plane) so that it 
assumes a more perpendicular direction towards that latter ; the 
atmosphere at the surface of the earth is more dense than that of 
the upper regions, and similarly that is more dense than space, 
hence the path of a ray is curved as in the figure. 

Fio. 77. 





To trace the path of a particular ray. 

Let o be the centre of the earth, A the place of observation, z 
its zenith. 

If we imagine the atmosphere to be formed of concentric strata 
of air diminishing in density as they are further from the earth's 
surface. 

Then a ray s a proceeding from a heavenly body and falling 
upon the surface of the highest stratum of sensible density at p, 
is bent towards the perpendicular a o into the direction a b ; again 
at b it is bent into the direction b c ; and so on, thus following the 
•course a b c a. 

If we now pass to the case of nature by supposing the thick- 
ness of each stratum to be infinitely small, and the density to 
<;hange by insensible degrees, the path of the ray will become a 
continuous curve, and the direction in which the object is seen will 
be the tangent to the curve at the point nearest the observer's 
«ye. 

Let A X be this tangent, and draw a s* parallel to a s : then 
if there were no atmosphere A s^ would be the direction of the 
body. 
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H^nce by refraction the apparent place x is elevated above the 
true place by the angle s' a x, and therefore the correction for re- 
fraction is subtractive. 

The Hays which proceed from a body in the zenith suffer no 
refraction, because they enter the strata perpendicularly. For 
inferior altitudes, the refraction increases as the altitude 
diminishes, and attains its maximum, about 34', when the body 
is on the horizon. 

The refraction varies approximately as the tangent of the 
zenith distance of a heavenly body when that zenith distance does, 
not exceed 80**, but it is very irregular for altitudes of less than 
5° ; it is advisable from this consideration not to observe at sea if 
possible at a lower altitude than about 10'' ; at an altitude of 45"" 
the refraction is nearly 1', and for any given altitude it has the 
same value for any of the heavenly bodies, since they are all 
situated^ beyond the limits of the atmosphere. Eefraction does 
not alter the bearing of a heavenly body, but only its altitude.* 

Eefraction tables are usually given for a temperature of SO** F^ 
and barometric pressure of thirty inches ; a rise of temperature 
or fall of the barometer indicates a decrease in the density of the 
atmosphere and hence diminishes the refraction. The converse to 
this is also true. These corrections are given in Inman's Tables, 
No. 17, but need not be considered in taking observations at sea. 

With regard to the eJBfect on refraction of the interposition of 
thin clouds which partially obscure the heavenly body observed, it 
is to be remarked that though a ray of light is more bent from a 
straight line on passing through aqueous vapour than through 
dry air, yet an opposite and equal effect is produced by the fact 
that air saturated with aqueous vapour is less dense than dry air,, 
and therefore no correction is required to the tabular refraction. 

The refraction to be applied to the altitude of the lower limb- 
of the sun or moon differs from that applicable to the upper limb ; 
this diffierence becomes visible to the eye in the oval form of those 
bodies when rising or setting, at which time their vertical dia- 
meters are one-sixth less than their horizontal diameters. 

Semi- The positions of the various heavenly bodies as given in the 

diameters NauticdV Almandc are those of their centres ; almost all observa- 

tions at Sea of those not appearing actually as points (such as the 

fixed stars) are necessarily made of one or other of their limbs — 

' The effect of refraction on the altitudes of heavenly bodies, and therefore on 
the distances between them at different times, was first pointed out by Ptolemy in 
A.i>. 140 
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a term applied to the upper, lower, or any other edge of a 
circular disc. 

Hence almost every observation of a body having a sensible 
disc requires the semidiameter to be either added to or subtracted 
from it, in order to reduce it to what it would have been if the 
centre had been observed, unless the upper and lower limbs have 
been both observed. 

For purposes of navigation, telescopes of only weak magnify- 
ing power are used in sextants, and hence the small semidiameters 
of the planets may be disregarded, and only those of the sun and 
moon require consideration. 

The semidiameter of the sun varies from 16' 18'' in January, sun 
when the earth is nearest, to 15' 46" in July, when it is most 
distant ; it requires no correction depending either upon the sun's 
altitude or the position of the observer on the earth, and is taken 
directly from the Nautical Almanac. 

The semidiameter of the moon is also greatest when in that Moon 
part of her orbit nearest the earth (perigee), and least when she 
is most remote (apogee), varying from 16' 45" to 14' 44" ; the 
periods of the recurrence of perigee and apogee average 27 days 
13 hours. 

Apart from these changes (which are recorded in the Nautical 
Almanac at intervals of twelve hours), the semidiameter of the 
moon varies with the altitude, being least when on the horizon 

and greatest when in the zenith (see 
^^•79. page 153). 

The semidiameters of all the heavenly 
bodies in the Nauticdl Almanac are the 
angles under which their semidiameters 
would appear if seen from the centre of 
the earth. 

Before the altitude of any celestial Paraiisx 
object can be employed for any practical 
purpose, it must be reduced to what it 
would have been if taken not from the 
surface, but from the centre of the earth, and measured not from 
the sensible, but from the rational horizon of the place of observa- 
tion. 

Let s be the object observed, a the place of observation, a r 
the sensible horizon, c D the rational horizon (fig. 79). 

The observed altitude when corrected for dip, semidiameter, 
and refraction, will be measured by the angle s a r, which is the 
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true altitude of the centre above the sensible horizon, and s c D 
will be the true altitude of the centre above the rational horizon. 

The difference between these two angles, since s c D=ss B R, 
is 

8 B R - s A B= A s c, the parallax in altitude. 

And the true altitude scD, of the centre above the rational 
horizon c D, is 

SCD = SBB = S AR + ASC. 

Hence the correction for parallax is additive. 
FanUaz in From another point of view Fw. so. 

altitude let A be the place of the spec- 
tator on the surface of the 
earth, c the centre, z the zenith, 
X a heavenly body, and zmr 
the celestial concave. 

Through x draw the two 
straight lines A x m' and cxm 
to the celestial concave. Then 
m' is the apparent place (cor- 
rected for refraction), and vi 
the true place of the heavenly 
body x. 

Draw A r, a tangent to the earth's surface, at A ; draw also c b 
through the centre parallel to a r ; then considering the infinite 
distance of the points r or r from the earth, the earth's semidia- 
meter a c will subtend no angle at r or r, and A r may be con- 
sidered to coincide with c r, and therefore the arc r r=0. The 
apparent altitude of x (x a r), corrected for refraction, is measured 
by the arc m' r (or m' r), and its true altitude (x c r) by m r or 
m r. The difference m' m between the true and apparent altitudes 
(or zenith distances) equal to the angle axg, is called the 
parallax in altitude. 

It appears from the figure that the effect of parallax is to 
depress bodies, so that the true altitude m r is greater on this 
account than the apparent altitude m' R, and that the true alti- 
tude may be obtained by adding the parallax in altitude to the 
apparent altitude (corrected for refraction). 

If X be the same body when on the horizon, the angle A x c is 
termed its horizontal parallax. 

The horizontal parallax is seen from the figure to be greater 
than the parallax at any altitude; and it is also evident that 
parallax in altitude decreases as the altitude increases, being at 
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aji elevation of 90° ; that is, the position of a heavenly body in 
the zenith is the same whether seen from the surface or centre of 
the earth. 

Horizontal parallax being defined as the greatest angle at the Horizontal 
<3entre of a heavenly body subtended by the earth's radius, will p***"** 
decrease with the increased distance of any heavenly body ' ; for 
the fixed stars it is 0, and it has a very small value for all bodies 
except the moon. 

Parallax in altitude can be deduced from horizontal parallax as 
follows : 

In fig. 80, c a: = c x 

. CA _CA 

' ' ex ex 



or, sm c « A = 



sm c X A 
sin c A X ' 



.'. sm c X A = sm c « A . cos x ax. 

Since c x a and ex a are always small angles (even in the case 
of the moon), in the above equation we may substitute the arcs 
for their sines ; 

.-. c x A = c a; A . cos x A x, 

or, par. in alt. = hor. par. x cos apparent altitude (corrected for 
refraction). 

Parallax affects the positions of heavenly bodies both in right 

ascension and declination, but in nautical astronomy we need not 

•consider this, since by applying it as a correction to altitude the 

Tj, o, observation is at once reduced 

rio. SI. 

to the centre of the earth. 

In this article the earth is 
considered to be a sphere, The 
error involved by this considera- 
tion, which is of no practical 
importance in nautical astro- 
nomy, will be considered later 
on (page 377). 

When the moon is above the Augmen- 
. horizon, as at l' (fig. 81), its ^^^o^<>^ , 

iL ^ » /> moon's seml- 

distance ol' from a spectator diameter 
at o is less than its distance o l 
when on the horizon at l. 
For since the horizontal parallax (o l c) is small, o L is nearly 

^ Thus, for the moon the mean horizontal parallax is 57', and for the son 8*8". 
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equal to c L, and therefore L i is less than L o by nearly the earth*» 
radius. Hence if two observers were placed at o and i, one would 
see the moon when at L on his horizon, and the other in his- 
zenith; but from the spectator at o the moon would be more 
distant than it is from the spectator at i by about 4,000 miles, or 
the radius of the earth, and the diameter would appear to the 
former about 30'' less than the latter.^ It is evident that at any 
intermediate altitude, as at l', the distance o l' is less than o L, 
and therefore the moon's diameter at l' would appear to be 
greater than the true or horizontal diameter at L ; that is, the 
diameter at l' would be augmented. To find this correction, or, 
as it is termed, augmentation, of the moon's semidiameter, we 
must proceed as in the following problem. 

Given the semidiameter of the moon, to calculate its aug- 
mentation for a given altitude. 

In Fig. 82 s is place of observer, c centre of earth ; m the centre 
of moon, whose radius =r; sb,ca tangents to moon's surface 
from s and c. 

Fio. 82. 




Let Mca=«", M s 6=r(« + d)". Then d" is the augmentation of 
moon's s^nidiameter. 

Let app. zen. dist. of moon's centre zqm=z. 

Let the corresponding parallax in alt. s M c=:jp. 

' The {act of the moon (and son) appearing to be bo much larger when near the 
horizon than at any other time is an optical deloBion probably caused by the apparent 
Ticinity of terrestrial objects with which they can be compared. 
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Then -^- = sin (« + d)"=(s + ei)" sin 1" 

SM 

- =sins"=s"sinl" 

CM 

(5 + d!)"_c M_sin M sc_ sin;? 
«" s M sin s c m"" sin (-2: —2^) 
, rf" _ sin j g— sin (z^p ) 
* ' «" "' sin {2^p) 

.-. cZ"=2 «" cos (z—^) sin-P^ cosec (-3^—1?). 

whenp=:H sin ^r, h being the horizontal parallax of the moon. 

Calculate the augmentation of the moon's semidiameter, when Example* 
the apparent altitude of the centre (corrected for refraction) is 
60** 10', the horizontal parallax being 56' 1", and semidiameter 
(as given in the Nautical Almanac) 15' 16". 

Aug. s= 2s" . cosec (z^p) cos (^— ip) sin ^p, 
and p = hor. par. x cos app. alt. 

56' 1" log hor. par 3-526468 

60 L cos alt 9-696774 

3361" = hor. par. logi? .M23242 

log 2 semi 3-262925 .\p = 1672" = 27' 52" 

L sin ip 7-607780 z = 29° 50 

L cos (z -.i^)...9-939262 z-^p = 29 22 8 

log cosec (£:—p)...0-309422 ip = 13 56 

„aug 1119389 ar = 29 50 

.•.aug.=1316" ;?-ip = 29 36 4 

Calculate the augmentation of the moon's semidiameter, when 
the apparent altitude of the centre (corrected for refraction) is 
32® 42', the horizontal parallax being 54' 42-5", and semi, (in 
Nautical Almanac) 14' 56". Ans, 7-86". 

The great distance of any heavenly body other than the moon n-ote 
as compared with the radius of the earth renders any augmenta- 
tion of its semidiameter due to altitude too minute a quantity to 
be considered. 

An observed altitude of a star or of a limb of the sun or moon Sumnuur 
is that actually measured with a sextant and uncorrected. 

An appa/rent altitude is an observed altitude corrected for index 
error and any other instrumental error and also for dip. 
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A true altitude is an apparent altitude further corrected for 
refraction, parallax, and in certain cases for semidiameter. 

Parallax in altitude is sometimes spoken of as ' diurnal * 
parallax, since it passes through all its changes in a day. 

The position of a heavenly body as seen from the centre of the 
earth and free from the effect of refraction is termed its geocentric 
position. 
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CHAPTEE VII. 

Time— Sidereal day— Apparent solar day— Mean solar day— Equation of time — Com- 
parisons of sidereal, mean, and apparent intervals of time — Sidereal year — ^Tropical 
year — The calendar — Problems on time — Nautical Almanac— Oreenwioh and local 
times — Correction of declinations, right ascensions, &c. — Correction of altitudes. 

Time, or duration, is measured by the intervals between the re- Time 
currence of various celestial phenomena, such as that of succes- 
sive arrivals of the sun at the meridian of an observer, the interval 
between such arrivals being in this case termed a solar day, which Soiar tim^ 
is subdivided into twenty- four equal hours. 

This simple and apparently natural standard for estimating standarda 
duration cannot, however, be applied to astronomy, since it is not 
of invariable length, observation showing that any two successive 
days estimated in this manner are of unequal durations. 

This fact has led to the adoption of other standards of measure- 
ment, which, though differing from one another in length, each 
possess the requisite property of being invariable. 

All of these depend upon the recurrence of real or imaginary 
celestial phenomena, caused by either the rotation or revolution 
of the earth. 

The rotation of the earth on its axis is always performed in 
the same time, and but for the apparent and real movements of 
the heavenly bodies this period would appear the same, whether 
measured by the interval between two successive passages cwross 
the meridian of a star or of the sun or moon. 

Similarly, though the period of a complete revolution of the 
6arth round the sun is invariable, yet it will apparently vary if 
measured by the return of the earth to the same position with 
regard to different heavenly bodies. 

A day may therefore be defined as the interval of time between Day 
the departure of any meridian from a heavenly body, or from some 
point in the heavens, and its succeeding return to it, deriving its 
name from the body or point with which the motion of the 
meridian is compared ; thus we employ the terms sidereal, solar, 
and lunar days.' 

*A mean lunar day contains 24*' 48<" 29* mean solar time. 
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T'ear 



Sidereal 
day 



Apparent 
solar day 



Similarly, a year may be defined as the interval of time 
between the earth in its revolution round the sun occupying in 
succession the same place with regard to the heavenly bodies or 
to some point in the heavens, deriving its name from the heavenly 
body or point thus considered ; hence we employ the terms 
sidereal year and tropical year. 

The sidereal day is considered to begin when the first point of 
Aries is on the meridian, and is measured by the interval elapsing 
between two successive meridian passages of that point. 

This interval is subdivided into twenty-four sidereal hours, 
each being again subdivided into minutes and seconds. 

In the conduct of the business of an Astronomical Observatory, 
certain stars, whose positions have been very accurately deter- 
mined, are employed for the purpose of determining, or correcting, 
the sidereal time, and for finding the error and rate of the 
sidereal clock. The results obtained from the observations of such 
stars can then be referred to the imaginary star situated in the 
first point of Aries, by the application of their known right ascen- 
sions. Such stars are technically known as ' Clock Stars.* 

An apparent solar day is the interval between two successive 
transits of the sun's centre over the same meridian ; it begins 
when that point is on the meridian (apparent noon). Observation 
shows that this interval is never exactly the same for two dayfi in 
succession ; thus on December 23 it is about half a minute longer^ 
and on September 17 about half a minute shorter than its average 
length.* 

The length of an apparent solar day is variable from two 
causes : 

1st. From the apparent variable motion of the sun in the 
ecliptic. 

2nd. From the apparent motion of the sun being in a circle 
inclined to the equinoctial. 

The velocity of the earth in its orbit varies with its distance 
from the sun, and hence the sun appears to travel with a variable 

velocity. 

When the earth is near B^ (January 1), fig. 83, it is nearest 
the sun (perihelion), which apparently occupying the position s^, 
fig. 84, vnll then appear to travel over an arc s^ a of about 61' 
each day. 

When the earth is near Bj (July 1), and farthest from the sun 



* More accurately, the interval from apparent noon on December 22 to apparent 
noon on December 28 is 24^ O* SO* expressed in mean solar time ; the similar interval 
from September 17 to September IS similarly expressed is 23*' SO"" 39*. 
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(aphelion), it is moving most slowly, and the sun seen at s^ will 
then move only over an arc s, b of about 57' each day.* 

Evidently, then, a meridian pap,, when the sun is at Sj must 
rotate through 360** + nearly 61' between two successive passages 
of the sun's centre across it, and only through 360** + nearly 57' 
during a similBX interval when the sun is at s^. 

The second cause of the irregularity in the lengths of apparent 

Pio. 83. 




solar days arises from the sun's apparent path not being on the 
equinoctial, but on the ecliptic, portions of which latter great 
circle are variously inclined to the corresponding arcs of the 
former at different seasons of the year. 

Thus at the equinoxes (March 20 and September 22) the small 
arc of the ecliptic then traversed by the sun and the correspond- 
ing arc of the equinoctial are inclined to one another, as in fig. 85, 
and at the solstices (June 21 and December 21) they are nearly 
parallel, as in fig. 86 ; evidently, then, even if the arcs of the 

' Aoennitely, when nearest the son the earth moves over an arc of the ecliptic of 
61' 12" daily, and when farthest away 67' 12" ; when at a tman distance (March 3 
and October 2), it moves over an arc of 59' 8" daily. This may be otherwise expressed 
by saying that the maximTim velocity of the earth in its orbit is 67,780 mUes per honr, 
the minimnm 63,350, and the mean velocity 65,580 miles per hour. 

Since the solar year does not contain an exact number of days the phenomena 
described in the text will not ocear on the same day of every year ; the dates given 
are those for leap years (civil time) ; the times of recurrence will be abont six hours 
later each year until the next leap year {see Table of Phenomena in Nautical Almanac). 
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ecliptic s Si apparently traversed by the sun in one day were equar 
to one another, they would not be represented by equal arcs on 
the equinoctial, and the equality in length of solar days depends 
upon that latter condition, since solar time is measured as an angle 
at the pole of the equinoctial (pole of the heavens), and therefore 
during equal intervals of time equal arcs of the equinoctial must 
pass the meridian. 

If the ecliptic and equinoctial were identical (that is, if the 
line of the earth's poles were perpendicular to its orbit), apparent 
solar days would only di£fer in length from the effect of the earth 
moving more rapidly round the sun in the northern winter than 
in the northern summer. 

In order to obtain a uniform measure of solar time, an 
imaginary day is employed, which is equal in length to the mean 
or average of all the apparent solar days in a year. 

Such a day is termed a mean solar day, and is regulated by 
an imaginary or mean sun, commencing when the centre of that 



Fio. 85. 



Fig. 86. 





mean sun is on the meridian (mean noon), and being divided into 
twenty-fomr equal hours, which are again subdivided into minutes 
and seconds. 

The supposed movement of this imaginary sun which regulates 
the mean solar day will be best understood by supposing a star to 
start with the real sun, from the point where the earth and sun 
are nearest to one another (January 1 nearly at s^, fig. 84, page 
159),* and to travel on the ecliptic at an uniform rate, so as to 
arrive at the same point again at the same time as the real sun. 

The mean sun, as it is termed, is supposed to traverse the 
equinoctial at the same uniform rate as that with which the 
imaginary star traverses the ecliptic, starting with it at the time 
of the vernal equinox. 

' It will be remarked that though the winter solstice, or time of the son's having 
its greatest sonth declination, occurs now on December 21, the earth is at present 
nearest the son on January 1. 
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The difference between time measured by the mean sun and 
that measured by the apparent sun at any instant, is termed the Equation of 
equation of time ; this may be defined as the angle at the pole of 
the equinoctial contained between circles of declination passing 
through the centres of the true and mean suns respectively — that 
is, the difference between their right ascensions ; that portion due 
to the obliquity of the ecliptic has a maximum value of about ten 
minutes, and that due to the unequal motion of the earth in its 
orbit is at its greatest about eight minutes.^ 

In considering the relative positions of the true sun and the 
imaginary star, they are together when the true sun is nearest 
the earth (nearly at S4, fig. 84, on January 1) ; the apparent speed 
of the true sun is then at a maximum, so that as they both travel 
round the ecliptic the true sun will pass the first point of Aries 
about seven minutes before the star. The apparent speed of the 
true sun is, however, slackening, and when nearly at Sj, on July I, 
and farthest from the earth, the true sun and star are together 
again ; from this position the speed of the star is greater at first 
than that of the true sun, but they come together again nearly at 
S4 on January 1. Hence, from s^ to s, (January 1 to July 1) the 
true sun is in advance of the star, and from s^ to s^ (July 1 to 
January 1) the stea is in advance of the true sun. 

As our imaginary star passes the first point of Aries, the mean 
sun starts on the equinoctial with a speed exactly equal to that 
of the star on the ecliptic. At first, since their paths are greatly 
inclined, when they have both travelled any equal arcs the mean 
sun will be in advance of the star, as measured at the pole of the 
equinoctial, and will arrive on the same circle of declination as 
the true sun on April 15, when the equation of time will be zero, 
and both suns will be in advance of the star. 

From this position the mean sun will gain on the true sun 
until May 14, when it will be about four minutes in advance ; 
but as the arc of the ecliptic traversed by the sun and the corre- 
sponding arc of the equinoctial are becoming more nearly parallel, 
the true sun now gains on the mean sun, both arriving on the 
same circle of declination on June 14, when there is no equation 
of time. 

A few days afterwards, on July 1, the true sun and the star 
are together, and both are in advance of the mean sun. The true 
sun from this point apparently increases its speed, and on July 26 
is about six minutes in advance of the mean sun. The inclination 

^ The remainder of this section may be omitted on first reading this chapter. 

M 
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of their respective paths, which has been increasing since June 21, 
now enables the mean sun to gain on the true, and on August 31 
there is again no equation of time. 

From August 31 to November 3 the mean sun continues to 
gain on the true sun, and is then about sixteen minutes in advance 
of it, the star and the mean sun having passed through the first 
point of Libra together on September 22, and being then as 
much in advance of the true sun as on March 20 at A they were 
behind it. 

From November 3 to December 23 the increasing velocity of 
the true sun and the diminishing inclination of their paths enable 
it to gain so much on the mean sun, that at the latter date they 
are again on the same declination circle, and there is no equation 
of time. After this, for similar reasons, the true sun continues 
gaining on the mean sun, until February 11, when they are 
relatively stationary ; the mean sun then gains on the true, and 
on passing again through the first point of Aries is, as before, 
about seven minutes behind it. 

The necessity for introducing an imaginary star arises from 
the fact that the first point of Aries, during the period of a 
revolution of the earth, will have altered its position 50-22" in 
the direction from s^ towards s^ {see fig. 56, page 121). 

A summary of the preceding remarks shows that — 

From December 23 to April 15 the true sun is in advance of 
the mean sun ; 

From April 15 to June 14 the true sun is behind the mean sun ; 

From June 14 to August 31 the true sun is in advance of the 
mean sun ; 

From August 31 to December 23 the true sun is behind the 
mean sun. 

Clocks on shore are regulated to mean time, and therefore the 
clock time will be before the sun from December 23 to April 15 ; 
behind from April 15 to June 14; before from June 14 to 
August 31 ; and again behind from August 31 to December 23. 

The following diagrams graphically illustrate (1) the two parts 
of the equation of time separately, shown on curves b and c, that 
on B illustrating the part due to the obhquity of the ecliptic, and 
that on the part due to the unequal velocity of the earth in its 
orbit ; and (2) their combined effect as shown on curve d, the 
vertical scale being that of minutes of time.^ 

That part of the equation of time caused by the obliquity of 

* Taken from an interesting artiole by J. Norman Lockyer on ' The Movements of 
the Earth/ in Nature, September 1884. 
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the ecliptic (curve B, fig. 87) attains its greatest value (9" 53') 
midway between the solstices and equinoxes, being zero at each 
of those periods. That part caused by the unequal velocity of 



FRt. 87. 




the earth (curve c) attains its maximum value (8" 24") midway 

between perigee and apogee, being zero at those periods. 

The preceding illustrations of the various measurements of araphioai 

time have been drawn on the true supposition of the earth turning Jfons 'of **" 

round on its axis, and thereby time 
bringing every meridian in 
succession under the heavenly 
bodies considered. 

The same is more usually 
illustrated on the supposition 
that the earth, and therefore 
the celestial meridian of an 
observer, is fixed, and the 
heavenly bodies move from 
east to west, the point of view 
being outside the celestial 
sphere. 

Construct a fi^ure^ and 
show what is meant by sidereal 

time, apparent solar time, mean solar time, and the equation of 

tim>e. 

Let N w s E represent the horizon, p the pole, w q b the 

equinoctial, a the first point of Aries, and a o the ecliptic. Let x 

M 2 
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be the place of the true stm on the ecliptic, and m the mean sun ; 
through X and m draw the circles of declination p b and p m. 
Then sidereal time is the angle q p A, or arc q A ; apparent solar 
time is the angle Q p B, or arc Q B ; and m^an solar time is the 
angle QP97t, or arc Qm — these angles or arcs being always 
measured from the meridian nzs westward. Also the angle 
m p B, or arc m b, is the equation of tims. 
Deflnitiona Hence we may give the following definitions : 

Sidereal time is the angle ^ at the pole of the equinoctial 
between the celestial meridian and a circle of declination passing 
through the first point of Aries, measuring from the meridian 
westward. 

Mean solar time is the angle at the pole between the celestial 
meridian and a circle of declination passing through the centre of 
the mean sun, measuring from the meridian westwcurd. 

Apparent solar tim^ is the angle at the pole between the 
celestial meridian and a circle of declination passing through 
the place of the true sun's centre, measuring from the meridian 
westward. " 

The equation of tims is the angle at the pole between the 
circles of declination passing through the centres of the true and 
mean suns. 

A sidereal clock is a clock adjusted so as to go twenty-four 
hours during one complete rotation of the earth — that is, during 
the interval between two successive transits of a fixed star ; or, 
supposing the first point of Aries to be fixed, between two 
successive transits of the first point of Aries. 

* These angles are expressed in hours, <fec. ; on the connection between time and 
angular measure in degrees, see page 180. 

The sidereal time in common use among astronomers expresses the actual hour 
angle from the meridian, westward, of the true equinoctial point at the moment of 
obserration. It is therefore affected with the equation of the equinoxes ; and is not, 
strictly speaking, a 7nean or uniformly increasing quantity. It ought, therefore, to be 
termed apparent sidereal time in the same manner as apparent solar time reckons 
from the actual arrival of the sun's centre on the meridian ; and in like manner, as 
mean solar time is reckoned from the arrival of an imaginary sun, moving uniformly 

with its mean velocity, so mean sidereal time or C J s mean ongi u e ^^^^j^ ^ 

15 
reckoned from the transit of, not the trtie, but the mean equinoctial point The 
smallness of the fluctuations to which a clock regulated to apparent sidereal time, 
compared with one regulated to mean sidereal time, is subject (being at the utmost 
only 2-3' in a period of nineteen years), has prevented the practical inoonyenienoe of 
this from being felt : no clock being sufficiently perfect to go during so long a period 
without frequent re-adjustment; and as the corrections applied by astronomers to the 
observed right ascensions of all objects are adapted to this supposed irregularity in 
the rate of the clock, the mean right ascensions thence deduced will be correct 
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A mean sola/r clock is a clock adjusted to go twenty-four hours 
between two successive transits of the mean sun. 

A clock could not be constructed to always show apparent 
time, owing to the inequalities in the lengths of successive apparent 
solar days, and hence in the lengths of apparent solar hours. 
Apparent solar time is that shown by a sundial. 



To find the daily motion of the mean sun in the equinoctials 

The mean solar year, or the time the true sun takes to return DaUy 
again to the first point of Aries, has been found to be equal to °^o*io» ^^ 

'■• •■■ moan sun 

865*2422 mean solar dajrs.^ Let us suppose the mean sun to 
describe the equinoctial in this time, then we shall find its daily 
motion in the equinoctial' as follows : 
Let a; =s daily motion, 

365-2422^ : l^reSBO^ : a? =0-9856472° =59' 8-33" 

or, the mean sun's motion in the equinoctial from west to east is 
59' 8*33" during the mean solar day.' 



To find the arc described by a meridian of the earth in a 
m>ean solar day. 

In fig. 89 let E^ e, represent two positions of the earth in its 
orbit, separated by an interval of one mean solar day ; if M repre- 
sents the mean sim and p A the meridian of a place at a time 
when the mean sun and a fixed star are crossing that meridian at 
the same instant, it is evident that on arriving at E^, the meridian 
having turned through 360°, the star (situated at an infinite 
distance) will again cross it ^ ; but a further arc, A B, must be 
described before m, the mean sun, crosses ; this arc will be that 

> This result is attained from actaal observation at astronomical observatories, 
where the instant of the trae son arriving at the first point of Aries— or, in other word s, 
having no declination— oan be ascertained with great accuracy. 

The mean result is found bj comparing observations of this character separated 
by very long intervals of years. 

* It will be noticed Uiat the movement of the first point of Aries is that of the 
equinoctial on the fixed ecliptic, and that the mean sun traverses each mean solar 
year the whoU circumference of the equinoctial, but the true sun during that interval 
does not traverse the whole circumference of the ecliptic. 

■ The arc described in a sidereal day is 5S' 58*64". 

* It has already been remarked (page 117) that almost all the fixed stars are at 
such a vast distance from the earth that their positions are the same even when seen 
from opposite points of the earth's orbit round the sun. 
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through which the mean sun apparently moves during each mean 
solar day, or 59' 8-33". 

Given the length of a mean solar 
day =24 mean solar hours; to express ^^^ 
its length in sidereal hours, and the 
converse. 

In a mean solar day, a meridian of 
the earth revolves through 360° 59' 
8-83" ; in a sidereal day it revolves 
through 360°. A mean solar day is 
therefore longer than a sidereal day (or 
twenty-four sidereal hours) by the 
portion of sideral time occupied in 
describmg 59' 8-33". This interval 
may be found by the following pro- 
portion : 

360° : 59' 8-33" :: 24^ : x the quantity required, 
.•.a; = 3'»56-555», 

.-.24 mean solar hours =24** 3°* 56-555" sidereal hours. 

Acceleration The interval 3°* 56-555% being the excess of a mean solar day over 
and re- ^ sidereal day expressed in sidereal time, is called the acceleration 

tardation - . , , t , . 

of Sidereal on mean solar time. 

Given the length of a sidereal day =24 sidereal hours; to 
express its length in mean solar time. 

In a sidereal day the meridian of any place revolves through 
360° : in a mean solar day the same meridian revolves through 
360° 59' 8-33". 

Therefore the length of a sidereal day may be found in mean 
solar time by this proportion : 

24 sideral hours : 24 mean solar hours :: 360° : 360° 59' 8-33", 
24x360° 



. 24 sidereal hours = 



360° 59' 8-33" 



= 23^ 56"*4-0922'mean solar hours. 



The interval 3°^ 55-9078", being the defect of a sidereal day 
from a mean solar day expressed in mean solar time, is called the 
retardation of mean solar on sidereal time. 

Since the sidereal day is nearly 3"* 56" shorter than the mean 
solar day, it follows that at any one place a star will cross the 
meridian earlier each night by that interval, so that a heavenly 
body on the meridian at 8 p.m. (mean time) on January 1 will be 
on the meridian at about 6 p.m. on February 1. The times 
of meridian passage of the principal stars at different months of 
the year is given in Jeans' Handbook for the Stars. 
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FormuUBfor converting any portion of sidereal time into 
mean solar time, and the converse. 

Let s=aaiy interval of absolute time or duration expressed in 
sidereal time. 
M=the same interval expressed in mean solar time. 

Then since a sidereal hour is shorter than a mean solar hour, 
the number of sidereal hours in a given interval will be greater 
than the number of mean solar hours in the same ratio. 

and 1=^360^59' 8-33" J.QQ27379 
M 360° w^ioi*7, 

.-. M= -9972695x8=8 --0027305 8.^ (1) 

and 8=1-0027379 XM=M + -002737911 (2) 

By means of these formulae we may convert any portion of 
sidereal time into mean time, and the converse, as in the following 
examples : 

Express 12 sidereal hours in mean solar time. 

By formula (1), M= s -•0027305 s, and s=12 

.-. M=12--0027305xl2=lP 58" 204', 
or 12 sidereal hour8=ll*' 58" 2-04* mean solar hours. 

Express 11^ 68"* 2-04» mean solar time in sidereal time. 

By formula (2), s=M + ■0027379 m, 
M=1P 58» 204»= 11-967228+ (0027379 x 11-967228) 

= 11-999999=12 hours nearly ; 
.•. 11** 58"* 2-04" mean solar hours =12 sidereal hours. 

Express 16 sidereal hours in mean solar time. Examples 

Ans. 16^ 67" 22-73» mean solar time. ^^' P«Mrti<» 

Express 14 mean solar hours in sidereal time. 

Ans. 14^ 2" 17-99" sidereal time. 

. By means of formulae (1) and (2) the tables of time equiva- Time 
lents given in the Nautical Almanac, and also those of accelera- ®<i'"^»i®'^*» 
tion and retardation in Inman's Tables (Nos. 40 and 41), are 
computed. 

These tables are used for readily converting by inspection 
intervals of sidereal time into equivalent intervals of mean solar 
time, and the converse ; a few examples will show this. 
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Convert by table 8^ 43" 51 •42" sidereal time into mean solar 

time. 

8** (sidereal time) = 7^ 58"^ 41-36' mean solar time 

43» „ 42 52-96 

51- „ 50-86 

0-42- „ ;42 

.-. 8'^ 48"^ 51-42' sidereal time=8 42 25-6 

Convert by table 8^ 42" 25*6' mean solar time into sidereal 

time. 

8*^ (mean time) = &" 1" 18-85« sidereal time 

42" „ 42 6-90 

25- „ 2507 

0-6' „ ^ 

, 8M2"25-6«meantime=8 43 51-42 

Convert 10^ 10" 30^ sidereal time into mean time. 

Ans. 10^ 8" 49-98\ 

Convert 10^ 10" 30' mean solar time into sidereal time. 

Ans. 10^ 12" 10-29-. 

The following is a summary of the preceding results : 

One sidereal day equals 23^ 56" 4*09' of mean solar time, and 
during its continuance a meridian rotates through 360^. 

One mean solar day equals 24^ 3" 56*55' of sidereal time, and 
during this interval a meridian rotates through 360° 59' 8*33". 

An apparent solar day is variable in length, and a meridian 
rotates through nearly 361° 1' in January, when the earth is 
nearest the sun, and 360° 57' in July, when it is farthest away. 

Twenty-four apparent solar hours equal twenty-four mean 
solar hours ± the change in the equation of time during the day 
considered, hence the relation between them is variable. 



Sidereal 
year 



rropioal 
yeai 



A sidereal year is the interval between the sun's apparently 
leaving a fixed point or star and returning to it. 

This interval of time is invariable in length, and during its 
continuance the sun apparently moves over an arc of the ecliptic 
of 360°, 

A tropical or mean solar year is the mean interval between 
the sun apparently leaving the first point of Aries and returning 
to it. 

This interval of time is also almost invariable,^ but is shorter 
' Saocessive tropical years are not exactly equal, owing to a very gradaal displaoe- 
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by about twenty minutes than a sidereal year, since the first point 
of Aries moves over 50*22" each year to meet the sun, which 
therefore apparently traverses on the ecliptic an arc of 360° 
-50-22", or 359^ 59' 9-78" during that interval. 

The tropical jeax is that on which the changes of the sun's 
declination, and therefore the recurrence of the seasonsi depend, 
and as the period of its commencement is that most easily 
observed at astronomical observatories, it forms the basis of 
reckoning time by yeaors. 

Astronomers recognise another year, comprising the period 
between two successive returns of the earth to its point of nearest 
approach to the sun (perihelion) ; this is termed the anomalistic 
year, and consists of 365* 6** 13°" 44-6», expressed in mean solar 
time. 

To find the length of the sidereal year in mean solar time. 

Since the first point of Aries moves with a slow annual motion ckmTersion 
of about 50-22" from east to west to meet the sun, the arc of the o'**»*® 
ecliptic described by the sun from the first point of Aries to the 
first point of Aries again must be 360° -50-22" =359° 59' 9*78", 
and this is the arc described by the sun in a tropical year ; but in 
a sidereal year the sun describes 360° ; hence a sidereal is longer 
than a tropical yesjc by the time the sun takes to move over an arc 
of 50*22". Hence the proportion, 

sidereal year : tropical year;: 360° : 360° -50-22" 
or, sidereal year : 365-242264'* :: 360° : 359° 59' 9-78" 



3^f 



Therefore, sidereal year=365* 6^ 9" 10-71' (expressed in mean 
solar time). 

The first point of Aries (denoted as explained by the symbol 
T) was some 2,000 years ago situated in the constellation of Aries ; 
it is now 30° westward of that position, and in the constellation of 
Pisces ; this is caused by the slow annual movement spoken of 
above. 

The following is a summary of the preceding results : summary 

In one sidereal year the sun apparently describes an arc 
of 360° in the heavens, and occupies in doing so 366^ 6*» 9"^ 10-71" 
expressed in m^an solar tim^, or 366* 6^ 9"* 1409" expressed in 
sidereal time. 

In one tropical year the sun apparently describes an arc of 

ment of the plane of the ecliptic occasioned by the attraction of the planets (planetary 
precession) ; at present the tropical year is aboat f onr seconds shorter than in b.c. 160, 
and the accepted length is the average of as long a period as possible. 



Digitized by 



Google 



170 NAVIGATION AND NAUTICAL ASTKONOMY 

369° 69' 9-78" in the heavens, and occupies in doing so 365^ 5^ 
48« 47-808* expressed in ntean solar time, or 366* 5^^ 48* 47-808' 
expressed in sidereal time. 

Tiie From the preceding investigation we see that the tropical 

calendar year does not contain an exact number of mean solar days, nor 
does the sidereal year contain an exact number of sidereal days ; 
the number of sidereal days in a tropical year must be one m^re 
than the number of mean solar days in that interval, since, owing 
to its apparent movement {see fig. 84), the mean sun must in one 
year have fallen behind the stars by a whole circumference of the 
heavens, or 360° =24 hours; in other words, when the sun has 
risen and set 366 times, a star will have done so 366 times. 

The seasons being dependent on the changes of decHuation 
of the sun, it follows that the civil or ordinary year must be the 
tropical year, and it is the object of a well-adjusted calendar to 
take account of and properly allow for the fraction of- a mean 
solar day (-2422* or 6^ 48°* 47-808") by which this tropical year 
exceeds 366 whole mean solar days. 

Our own method of doing this originates with the Eoman 
calendar, which, until the time of Julius Caesar, measured the 
year by 13 hinar months, equivalent to 355 mean solar days,* 
the additional days required to make this equal to the solar year 
being inserted in the most arbitrary and irregular way. . 
Keformation In 45 B.C. the calendar was reformed by Julius GaBsar, and the 
fraction of the day previously alluded to was partially allowed for 
by considering three successive years to each consist of 365 days, 
followed by one year of 366 days, termed bissextile (leap year). 

The term ' bissextile ' arose from the additional day being 
inserted before February 24, which, being the sixth of the calends, 
and being thus reckoned twice, gave occasion to the term ' bissex- 
tile,' i.e. twice the sixth. 

The year was also ordered to commence on January 1, which 
date was selected as it was in that year the day of new moon 
immediately following the winter solstice of the year before.* 

' Lunar time is connected with solar time by the fact that 235 lunar months 
correspond ahnost exactly in duration with 19 solar years of 365^ days each, so that 
if new moon occurs on January 1, it will occur on the same date again after a lapse 
of 19 years. 

^ Some idea of the confusion into which the reckoning of time had laUen may be 
gained by the fact that he enacted that the preceding year (b.c. 46) should consist of 
445 days ; this was known as the * year of confusion.* It should be remarked that 
there is no year a.d. 0, that preceding a.d. 1 being b.c. 1.— HerschePs OutUnes of 
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The correction thus made was equivalent to considering the 
mean solar year as consisting of 365*25 mean solar days, which 
was -0078 day too much, being the difference between 365-25 days 
and 365-2422 days. 

In A.D. 1582 this error had accumulated to several days, when Gregorian 
Pope Gregory Xni. ordered that October 5 of that' year should correction 
be considered to be the 15th,^ and that in future, instead of every 
fourth year being reckoned as one of 366 days, those years which 
completed centuries should be considered as having 365 days, 
unless the nvmher of the century was divisible by four; thus, 
1700, 1800, and 1900 are common years, but the year 2000 will 
consist of 366 days. 

This is equivalent to introducing 97 days instead of 100 in 
every 400 years, so that the average length becomes 365^(5^ or 
365-2425 days ; the true length being 365-2422 days, the error 
now will only amount to rather more than one day in 4,000 
years. 

This correction (termed the Gregorian correction) was not 
adopted in England until 1752,' but at present the only country in 
Europe using the uncorrected Julian year is Eussia, the difference 
between what is known as the Old Style (O.S.) and New Style 
(N.S.) amounting to twelve days; thus, January 15 (O.S.) is 
January 27 (N.S.). 

Problems on Time. 

The conversion of time as measured by the apparent or mean 
sun (solar time) into time as measured by the stars (sidereal time), 
and vice versd, is of such frequent occurrence in practice that the 
following problems should now be carefully studied. 

As time, however measured, is an angle at the pole of the 
equinoctial or pole of the heavens, these problems are most clearly 
illustrated by figures drawn on the plane of the equinoctial, the 
arrow in each case (see figs. 91, 92, 93) representing the apparent 
movement of the heavens caused by the real movement of the 
earth in the opposite direction. 

Given mean time and the equation of time at the same problem i. 
instant, to find apparent time ; or, 

Given apparent time and the equation of time, to find mean 
time. 

> The error had really aocmnnlated to twelve days, instead of the ten which were 
omitted. 

' September 3 of that year was considered to be September 14. 
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Ck>n8truo- 
tion 



Figure 90 is a construction on the plane of the horizon, fig. 91 
on the plane of the equinoctial. The sun's declination is supposed 
to be about 10'' N. The declination is given to enable the student 
to insert the sun's place in the figure. 

Let p represent the north pole, w q B in fig. 90, or Q B q' in 
fig. 91, the equinoctial, N s or q' pq the celestial meridian, x the 
place of the sun lO"* N. of the equinoctial, and m the mean sun 




on the equinoctial. Through x and m draw the circles of declina- 
tion p B and p m ; then the angle Q p b, or arc q b, is apparent 
time-; the angle mPB, or arc mB, is the equation of time; and 
the angle Q p m, or arc Q m, is mean time. 

By the fig., qb=q w + mB, 
or apparent time = mean time -{-equation of time. 

From which formula, apparent time or mean time may be found 
when the other two quantities are given. 

When the equation of time is subtractive from mean time to 
get apparent time, m must be on the other side of b. 

In the following easy examples (inserted chiefly for the sake 
of affording the student useful exercises in constructing diagrams), 
the positions of the true and mean suns are to be determined as 
nearly as possible by the eye and without the assistance of mathe- 
matical instruments. 

Bxampies 1. Given apparent time =5*" 10°^ and the equation of time 

=15™ 10" subtractive from apparent time, the sun's declination 
being about 20^ S. ; construct a figure, and find by calculation 
mean time. Ans. Mean time=4^ 54°^ SO". 
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2. Given mean time=10** 14"* 15' and the equation of time 
=2" 30" additive to mean time ; construct a figure, and find by 
calculation apparent time (declination 10'' S.). 

Ans. Apparent time=10*' 16" 45'. 

3. Given apparent time=4^ 30™ and equation of time=3™ 0» 
additive to apparent time ; construct a figure, and find by cal- 
culation mean time (declination 20^ N.). 

Ans. Mean time=:4*» 33°^ 0». 

4. Given mean time =14^ 30" and equation of time =2" ()• 
additive to mean time ; construct a figure, and find by calculation 
apparent time (declination 20° N.). 

Ans. Apparent time=14^ 32". 

5. Given mean time =22^ 10" and equation of time = 10" 0* 
subtractive from mean time ; construct a figure, and find by cal- 
culation apparent time (declination 20** S.). 

Ans. Apparent time=22*' 0". 

Given mean time and the right ascension of the mean sun, to Problem n. 
find sidereal time or the right ascension of the meridian. 

Let Q A q' represent the equinoctial, A the first point of Aries, 
Q p q' the celestial meridian, and p the pole. Then, if the mean 
sun is west of meridian, let m (fig. 92) be the mean sun. 

If east of the meridian, let m' (fig. 93) be the mean sun. 

In the figs. 92 and 93, Q A = sidereal time, since it measures the 
time elapsed from the first point of Aries being on the meridian. 

In fig. 92, Qm=mean time. 

In fig. 93, m'Q=arc that must be described before the mean 
sun m! arrives at the meridian. 

.*. 24^— m'Q=mean time, .*. m'Q=24^— mean time. 
Also, A m, or A Q m'= right ascension of mean sun. 
Now (fig. 92) QA=AwH-mQ, 
or sidereal time=B a mean sun -j- mean time. 

In fig. 93, QA=Aw'— m'Q, 
or sidereal time=B A mean sun — (24**— mean time) 
=RA mean sun -f- mean time— 24^ 

The latter expression for sidereal time differs from the former 
by subtracting 24 hours ; and, assuming that we can always sub- 
tract 24 hours from the right-hand side of the equation where it 
exceeds that number, the first equation may be considered true in 
both cases ; as we shall get the same result for all other positions 
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of m and A with respect to the meridian, therefore this rule is 
always true ; viz. 

Sidereal time=R a mean sunn- mean time. 

The right ascension of the mean sun at the instant required is 
found from the following considerations. 

On page ii. of each month in the Nautical Almanac is given 
the sidereal time at mean noon at Greenwich or the angular dis- 
tance at that instant between the first point of Aries and the mean 
sun, that is the right ascension of the mean sun at that instant. 




Examples 



This quantity, we have seen (pp. 124, 125), is constantly and 
regularly increasing, and therefore to find the position of m with 
regard to A for any other place or time the amount of the move- 
ment of the mean sun in right ascension during the interval since 
noon at Greenwich must be added to the sidereal time taken from 
the Almanac, 

This interval is always very approximately known, and the 
required correction (always additive) is taken from Inman's Tables 
or the Nautical Almanac, 

Sidereal time may also be found by adding together the apparent 
solar time and the true sun's right ascension at that instant 
(page 1 of each month in Nautical Almanac). 

6. Given mean time =6^ 10™, and the right ascension of the 
mean sun at the same instant =2^ 22™ 41*. Construct a figure, 
and find by calculation sidereal time. 

Ans. Sidereal time =8^ 32" 41\ 

7. Given mean timessl?** 42™ lO", and the right ascension of 
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Fig. 94. 



"P 



the mean sun at the same instant =18** 47™ 14". Construct a 
figure, and find by calculation sidereal time. 

Ans, Sidereal time=12*» 29°^ 24*. 
The Mean Time of Transit of the First Point of Aries (given 
on page iii. of each month in the Nautical Almanac) is the dis- 
tance of the mean sun from the meridian, at the instant when the 
first point of Aries is on the meridian of Greenwich ; and as the 
distance of the first point of Aries from the meridian, at the in- 
stant the mean sun is on the meridian, is denominated sidereal 
time at mean noon, this may, by analogy, be termed the mean 
tims at sidereal noon. It is the time by a mean time clock ad- 
justed to the Greenwich meridian at the moment that the sidereal 
clock indicates exactly 0** 0™ O". The use of this column is to 
facilitate the reduction of sidereal to mean solar time, with the 
help of the Table of Time Equivalents or Inman's Tables, No. 40. 

As the sidereal day is shorter 
than the solar day, there will 
always be an occasion (near the 
time of the vernal equinox) on 
which two consecutive transits of 
the first point of Aries occur on 
the same solar day ; the first just 
after mean noon of one day, and 
the second just before mean noon 
of the following day. In the year 
1898 this happened on March 21. 
Given sidereal time and the 
right ascension of the mean sun 
at any instant, to find mean time 
at the same instant. 
Let p Q (fig. 94) represent the celestial meridian, A q the equi- 
noctial, A the first point of Aries, and m the mean sun. 

Then Q A=8idereal time, Qm=mean time ; 
and A m= right ascension of the mean sun. 
By the fig., Qm=QA— Am, 
or mean time = sidereal time (increased if necessary by 
24 hours)— right ascension of mean sun. 

Hence it appears, that to find mean time we have only to sub- 
tract the right ascension of the mean sun at that instant from the 
given sidereal time, and the result will be mean time at that instant. 

The right ascension of the sun is found as in the preceding 
problem, but for many nautical purposes the mean time is found 
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with snfficient accuracy by subtracting from the sidereal time the 
sidereal time at the previous Green widi mean noon.* 

^Examples 8. Given sidereal time =12*^ 10" 10", and the right ascension 

of the mean sun at the time=l^ 42"* 14-5" ; required mean time. 

Arts, m^ 27'" 55-5». 

9. Given sidereal time =6^ 32"* 40-5", and the right ascension 
of the mean sun at the same time =7*^ 37"* 42'4' ; required mean 
time. Ans. 22^ 54'» 581*. 

[NoTB. — The practical roles on the oonTeraion of time inTolving the correction of 
elements taken from the Nautical Almanac will be deferred until the methods of doing 
this have been explained. 



Civil and Astronomical Days. 

The civil day begins at midnight and ends at the next mid- 
night. The astronomical day begins at noon and ends at noon, 
and is later than the civil day by 12 hours. Again, in the 
astronomical day the hours are reckoned throughout from ff* to 
24** ; in the civil day there are twice 12 hours, the first 12 hours 
being before noon, or before the commencement of the astrono- 
mical day (denoted by a.m., a7ite meridiem) ; the latter are after 
noon, and distinguished by the letters p.m. (post meridiem)} 

Bule I. Given, civil tims, to reduce it to astronomical time. 

1. If the given civil time be p.m., it will be also astronomical 
time ; p.m. being omitted, 

2. If the given civil time be A.M., add 12^ thereto, and put the 
day one back, omitting the letters a.m. ; thus : 

(1) April 27, at 4^ 10"^ P.M. (civil) is April 27, at 4»* 10°* (astro.). 

(2) April 27, at 4 10 a.m. (civil) is April 26, at 16 10 (astro.). 

1 Either of these methods can only be considered as approximations, sinoe m one 
case the right ascension of the sun is not corrected at all, and in the other it is only 
corrected for an approximate mean time. 

The required mean time is accurately found as follows : 
orrect the mean time of transit of first point of Aries (page iiL of each month) for 
the change of right ascension of the sun due to the longitude of the required place, 
thus finding the mean time of transit of t for mean noon of the place, and to this add 
the equivalent in mean time of the given sidereal time. 

* At an International Conference assembled at Washington, U.S., in October 1S84, 
it was unanimously agreed that great advantage would foHow from arranging that the 
astronomical and civil days should everywhere begin at mean midnight. On the 
question of the adoption of a universal day to begin for all the world at mean 
midnight of Greenwich, and to be counted from zero up to 24 hours, there was not 
such nnajiimity. 
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Eeduce the following civil times to astronomical times : Exampio« 

Civil times. Astronomioal times. 

10. June 3, 2^ 42" a.m. Ans. Jmie 2, 14^ 42"" 

11. July 1, 6 18 A.M. „ Jmie30, 18 18 

12. Dec. 10, 3 42 p.m. „ Dec. 10, 3 42 

Eule 2. Given astronomical time, to reduce it to civil time. 

If the astronomical time is less than 12 hours, it will also be 
civil time p.m. 

2. If the astronomical time be greater than 12 hours, reject 
12 and put the day one forward ; the result will be civil time 
A.M. ; thus : 

(1) April 27, at 4^ 10"° (astro.) is April 27, at 4^ 10°^ p.m. (civil). 

(2) April 27, at 16 10 (astro.) is April 28, at 4 10 a.m. (civil). 

Beduce the following astronomical times to civil times : Examples 

Astronomioal times. Ciyil times. 

13. Sept. 10, 4^ 32°^ Ans. Sept. 10, 4^ 32'° p.m. 

14. July 5, 16 32 „ July 6, 4 32 a.m. 

15. July 10, 18 42 „ July 11, 6 42 a.m. 

16. Dec. 21, 23 59 „ Dec. 22, 11 59 a.m. 

Eule 3. To convert arc into time. Conversion 

1. Divide the degrees of arc by 15, the quotient is hours. time 

2. Multiply the remaining degrees, if any, by 4 ; the result is 
minutes in time.' 

3. Divide the minutes in arc by 15 ; the quotient is minutes 
in time. 

4. Multiply the remaining minutes of arc, if any, by 4 ; the 
result is seconds of time. 

5. Divide the seconds in arc by 15 ; the quotient is seconds in 
time, carried to decimals if necessary. 

The sum of all the above will be the arc expressed in time. 

Note. — The reason for this and the following rule will be found on page 180. 

Eeduce 34** 44' 34" into time : Examples 

34^=2'* 16"° 0" 
44' = 2 56 
34"= 2-26 



.-. 34° 44' 34"=2 18 58-26. 

This is equivalent to multiplying by 60 and dividing by 15 ; see also page 180. 

N 
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Eeduce the following arcs into time : 

Ans, 



17. 


84° 


42' 30" 


18. 


96 


10 45 


19. 


108 


24 22 


20. 


178 


48 45 


21. 


140 


32 10 


22. 


240 


32 10 



5>'38" 


'SO* 


6 24 


43 


7 13 


37-4 


11 55 


15 


9 22 


8-66 


16 2 


8-66 



ConverBion 
of time into 
arc 



Examples 



* Nautical 
Almanac ' 



Eule 4. To convert time into arc. 

1. Multiply the hours by 15 : the result is degrees. 

2. Divide the minutes in time by 4 ; the quotient is degrees.^ 

3. Multiply the minutes remaining, if any, by 15 ; the result 
is minutes of arc. 

4. Divide the seconds of time by 4 ; the quotient is minutes of 
arc. 

5. Multiply the seconds (and parts of seconds) remaining, if 
any, by 16 ; the result is seconds of arc. 

The sum of all the above will be the time expressed in arc. 



Beduce 2 


I*" 18» 58-26' into degrees. 




2" =30° 0' 0" 




18» = 4 30 




68-26'= 14 33-9 



.-.2" IS" 58-26' = 34 44 33-9. 
Find the arcs corresponding to the following times : 



23. 


3" 52" 


4' 


Ans. 


58° 1' 0" 


24. 


17 8 


22 




257 5 30 


25. 


8 17 


15-5 




124 18 52-5 


26. 


12 14 


16-75 




183 34 11-25 


27. 


9 13 


8 




138 17 


28. 


15 17 


18-4 




229 19 36 



Note. — In Inman's Tables, the angles in the log, sine and log, haversine tables 
are given both in arc and in time. The redaction from degrees to hours, and the 
converse, is by means of snch a table (or Table 36) readily made, simply by 
inspection. 

From daily observations of the positions of the principal 
heavenly bodies made at astronomical observatories for several 
centuries, their movements are so well understood that very 
accurate predictions of their places at future dates can be made. 
Such predictions made for certain definite times at Greenwich 
are found in the Nautical Almanac, which is published several 

' This is equivalent to multiplying by 15 and dividing by 60. 
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years in advance ^ ; the daily or hourly changes of the elements 
of these positions is also given, so that an observer at any part of 
the world and at any time can readily ascertain the trae position 
of a heavenly body at Greenwich at the time of his making an 
observation of it, provided that he knows the time which has 
elapsed since the last predicted position given in the Almanac, or, 
in other words, provided he knows the time at Greenwich when 
his observation was made. The positions given are such as would 
be seen by an observer at the centre of the earth at the given 
Greenwich times. 

The reader should now study the general arrangement of the 
Nautical Almanac as a work which has constantly to be referred 
to ; those portions in most frequent use are the eighteen pages 
devoted each month to the positions and apparent magnitudes of 
the sun and moon, and also the list of the positions of the 
principal stars. 

The Greenwich Date. ship time 

and Oreen- 

In every practical problem in nautical astronomy it is necessary wioh time 
to ascertain the apparent or mean time at Greenwich (usually to 
the nearest minute) at which the observation was taken. 

The connection between local or ship time estimated as civil 
time and Greenwich astronomical time will be understood from 
the following considerations. 

The longitude of a place has been defined as an arc of the 
equator intercepted between the meridian of Greenwich and the 
meridian passing through the place (page 2). The connexion 
between this mode of estimating longitudes and that in which, 
instead of degrees of arc (360 of which equal the circumference 
of the equator), we employ hours and minutes, will be seen on 
referring to fig. 95. 

Let p represent the north pole of the earth ; p g the meridian 
of Greenwich ; p e a meridian 15° east of Greenwich ; p w a 

* The Nautical Almanac was originally published in 1767, being preceded in. France 
by a similar work, the Connaissance des Temps^ which was published m 1696. 
Ghriginally intended exclusively for nautical purposes, it did not attain its present bulk 
until 1834, when large additions were made to it in the interests of astronomers. 

Accompanying the first Nautical Almanac was published the Tables requisUe to be 
used toith the * Nautical EphemeriSt^ which form the basis of our modem nautical 
tables; both of these works were compiled by Maskelyne, the Astronomer Royal. 
Prior to 1832 the elements of position in the Nautical Almanac were all given for 
apparent time. 

The excellent * Explanation ' at the end of the Nautical Almanac (originally drawn 
up in 1832 by a committee of the Boyal Astronomical Society, should be carefully 
studied by the reader. 

s: 2 
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Fig. 95. 



meridian IS"* west of Greenwich. The arrows indicate the 
direction of rotation of the earth. 

With regard to the mean sun M, 24 mean solar hours will 
elapse between two successive passages across the same meridian, 
and therefore if we suppose 24 meridians to be drawn at equal 

distances apart (that is, -—-=15'') they will, by the rotation of 

the earth, pass under the mean sun at intervals of one mean solar 

hour. 

If one of these 24 meridians f ghe that of Greenwich, the 

first of those eastward of that meridian p E will evidently pass 

under the mean sun one mean solar hour 

before, and the first westward of Greenwich 

p w one hour after the mean sun has crossed ,# 

that meridian. 

In other words, at Greenwich mean noon 

the local mean time (ship mean time) at 

every place on the meridian p b will be 1 p.m., 

and similarly at the same instant the ship 

mean time at every place on the meridian 

p w will be 11 A.M. 

In precisely the same way if on the same 

figure A represents the first point of Aries, 

this will by the rotation of the earth appa- 
rently cross the meridians of places separated 
by 15® of longitude at equal intervals of one 
sidereal hour, and evidently when on the 
meridian of p gr it will have crossed that of P E one sidereal hour 
before, and will be on the meridian of p w at one sidereal hour 
later. 

The same remarks apply to the measurement of time by any 
heavenly body, whether fixed or in motion, provided that motion 
is uniform in right ascension ; during an interval of 24 hours the 
movement of the apparent sun is sensibly uniform in this respect, 
and hence, since when either the mean or apparent sun or the 
first point of Aries is on the meridian of p gr they will be 15** of 
arc from the meridians of P e and p w, the mean, apparent, or 
sidereal times to observers on those meridians will differ from 
that on the meridian of P ^ by one mean, apparent, or sidereal 
hour. 

From this it follows that all descriptions of time in common 
use are correctly converted into arc at the rate of 15** to an 
hour. 
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Bule 1. First method. By estimated ship time and longitude. To find the 

(1) Express the time at the ship astronomically to the nearest date 
minute. 

(2) Eeduce the longitude into time to the nearest minute, and 
put it under ship time. 

(3) If in west longitude, add longitude in time to ship time ; 
the sum, if less than 24 hours, will be the time at Greenwich, or 
the Greenwich date on the same day as at the ship. 

But if the sum be greater than 24 hours, reject 24 hours ; the 
result will be the Greenwich date on the day following the ship 
date. 

(4) If in east longitude, subtract longitude in time from ship 
time ; the remainder will be the Greenwich date. If the longi- 
tude in time is greater than the ship time, 24 hours must be added 
to the ship time before subtraction is made, and the remainder 
will be the Greenwich date on the day preceding the ship date.* 



June 10, at 6^ 10°* p.m. mean 
time nearly, in longitude by 
account 32'' 45' W. : required 
the Greenwich date, to the 
nearest minute. 

Ship, June 10 6^10"" 

long, in time 2 11 W. 

.-.Green. June 10 8 21 



July 12, at 4*^ 5" a.m. in long. Examples 
63° 45' E. : required the Green- 
wich date. 

Ship, July 11 16*^ 5"^ 

long, in time 4 15 E. 

.-.Green. July 11.. ..11 50 



Bequired the Greenwich date in each of the following 
examples : 

Ship Times. Answers, Greenwich Dates. 

29. Mar. 7, at S^ IS*" a.m. Long. 16° 46' E. . Mar. 6, at U^ 12°^ 



80. 


Mar. 15 „ 10 85 


P.M. 


„ 48 6 E. 


. Mar. 15 


,. 7 48 


81. 


May 12 „ 4 80 


A.M. 


„ 45 50 W. 


. May 11 


„ 19 83 


82. 


May 9 „ 5 16 


P.M. 


„ 90 85 E. 


. May 8 


„ 28 14 


88. 


May 5 „ 11 80 


P.M. 


„ 66 47 W. 


. May 6 


„ 15 18 


84. 


May 20 „ 10 26 


A.M. 


„ 160 15 W. 


. May 20 


„ 8 26 



By chronometer and its error on 



Eule 2. Second method. 
Greenwich mean time} 

The time at Greenwich, and therefore the Greenwich date, is 
more correctly found by means of a chronometer whose error on 
Greenwich mean time is known at the moment of observation. 

1 This may be remembered from the following rhymes : 

In longitnde west, the Greenwich time's best. 
In longitude east, the Greenwich time's least. 

' The methods of finding this error will be explained in Chapter XII. 
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To the time shown by chronometer, apply its error on Green- 
wich mean time, adding if the error is slow, and subtracting if it 
is fast ; the result is the Greenwich date in mean time. Some- 
times 12 hours must be added to this result, and the day put one 
back.* To determine when this must be done, get an approximate 
Greenwich date by Eule 1 from the ship mean time and the esti- 
mated longitude ; if the difference between the Greenwich dates 
found by the two methods is nearly 12 hours, then the Greenwich 
date by chronometer must be increased by 12 hours, and the day 
put one back, if necessary, so as to make the two dates more 
nearly agree both in the day and hour. 

The following examples will remove any doubt as to putting 
the day one back or not, when the 12 hours are added. 

Examples July 10, at 6** 34™ p.m. mean time nearly, in longitude 60° W., 

a chronometer showed 10^ 42™ 3», its error on Greenwich mean 
time being 2™ 10» fast. Eequired mean time at Greenwich, or 
the Greenwich date. 

Greenwich Time by Chronometer. Greenwich Date. 

July 10, chron 10»» 42™ 3- Ship, July 10 6^ 84™ 

Error on G. M. T.... 2 10 fast long, in time j4 W. 

Gr. July 10 10 39 53 Gr. July 10 10 34 

As these two results come out near to each other, the correct 
Greenwich time is July 10, 10^ 39™ 53*, and the Greenwich date 
to the nearest minute is therefore July 10, 10*^ 40™. 

Aug. 3, at 5'' 42™ p.m. mean time nearly, in long, by account 
150"* 30' W., a chronometer showed 3^' 23™ 15% and its error on 
Greenwich mean time was 10™ 10*4* slow. Eequired the Green- 
wich date. 

Greenwich Time by Chronometer. Greenwich Date. 

Aug. 3, at..... 3^ 23™ 15» Ship, Aug. 3... 5^ 42™ 

Error 10 1 04 slow long, in time...lO 2 W. 

Aug. 3 3 33 25-4 Gr. Aug. 3 15 44 

Add .U 

Gr. Aug. 3... .15 33 254 

In this example 12 hours must be added to the Greenwich 

* This is owing to the fact that the dial-plates of most chronometers resemble clocks 
in only indicating to 12 hoars ; some, however, are now made to show the hours from 
to 24 ; such a timepiece with a supposed rate of 4 seconds daily would, if set to 
Greenwich mean time on leaving England, only differ from that time by aboat 1^ 
hours at the expiration of three years. 
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date by chronometer to bring the Greenwich times more nearly 
alike. 

March 10, at 2** 10°^ a.m. mean time nearly, in longitude 20"* 42' 
E., a chronometer showed 0^ 2™ SO*, and its error on Greenwich 
mean time was 45"* 16" slow. Eequired the Greenwich date. 

Ghreenwich Time by Chronometer. 

March 10 0" 2» SO* 

Error 45 16 slow 

Mar. 10 0~'^~~6 



Oreenwioh Date. 

Ship, Mar. 9...U^ lO" 
long, in time... 1 23 E. 



Gr.Mar.9 12 47 



Add 

Gr. Mar. 9.. 



.12 



..12 48 



Long. 


Chron. shows. 


Err. of Chron. 


Answers. 


36° 42' W. 


4k 2-10- 


18- 46-4' fast 


10 S" 43- 24-6' 


150 60 W. 


1 30 


10 60-6 slow 


13 1 40 60-6 


42 E. 


7 44 10 


8 120 slow 


10 7 62 22 


60 60 W. 


10 14 16 


12 3-7 fast 


18 22 2 11-3 


19 15 E. 


9 10 45 


12 15-3 slow 


2 21 23 0-3 


110 36 W. 


7 10 30 


9 5-0 fast 


30 19 1 25 



In this example 12 homrs must be added, and the day put one 
back, to bring the chronometer Greenwich time more nearly alike 
to the Greenwich date. 

Find accurately the Greenwich times in the following 
examples : 

1C.T. nearly. 

35. Aug. 10 P 20" P.H. 

36. July 13 3 42 a.h. 

37. June 10 10 42 p.u. 
88. June 19 6 42 a.u. 

39. Sept. 3 10 42 A.]f. 

40. Deo. 30 11 46 p.m. 

Having thus found the Greenwich date at the time of taking 
an observation, the various elements involved, such as declination, 
&c., are corrected for any changes which may have occurred in 
them since the nearest time for which they are given in the 
Nautical Ahnanac. The Greenwich date is usually understood 
to be required in mean time, but on applying the longitude in time 
to ship apparent time the Greenwich date is found, if required, in 
apparent time, and similarly with regard to sidereal time. 

NoTB. — ^For all practical purposes in correcting elements taken from the Nautical 
Almanac, the mode of doing so by using the Greenwich date foond by Method 1, page 
181, is sufficiently correct, and will be generally osed in the Examples in this book ; 
bat since it is advisable to take the time at almost all observations by a chronometer 
whose error on Greenwich is known, the observer would be able, if desirous, to use the 
accurate Greenwich mean time. 



Correction of Elements in * Nautical Almanac' to take out 

(1) Find the Greenwich date. deou^tion 

(2) Take out of the Nautical Almanac the declination at the ^^^ *^y *^*® 
nearest mean noon to the Greenwich date, and put down a little 

to the right thereof the diJBference for one hour (var. in 1 hour) 
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found in the next column to the apparent declination.* Multiply 
this quantity by the hours from the nearest noon found from the 
Greenwich date, and the fractional or decimal parts of the hour 
if necessary ; the product will be the change of declination in the 
time from noon ; apply this, according to sign reduced to minutes 
and seconds of arc, to the declination taken out. The result is 
the dechnation of the sun at the time required.* 
Examples Mar. 2, at 4** 23" p.m. meantime nearly, in long. 32"* 42' W. : 

required the sun's declination. 

Ship, Mar. 2 4^ 23" 

long, in time 2 11 W. 

Gr. Mar. 2 6^ 

Sun*8 Deol. 

Mar. 2... 7^ 7' 0" S. ...var. in 1 hour 574" decreasing 
corr.... 6 17 — 6 



decl. = 7 43 S. 



30"....^ 

3 .••tV 

1 ....^ 

60 

•. corr. for 6'' 34" 



3444 change in 6** 

2-9 [change in 34" 
0-9 J 



376-9 



6' 16-9"- 



March 21, at 4^ 23" a.m. in long. 100° 10' E. : required the 
sun's declination. 

Ship, Mar. 20 16^ 23" 

long, in time 6 41 E. 

Gr. Mar. 20 9 42 or 9-7 hrs. 

Sun's Deol. 

Mar. 20.. .0° 5' 32" S. Var. in 1 hour 69-2" decreasing 

corr — 9 34 hours from noon . . 9-7 

.•.decl.=0 4 2 N. 4144 

5328 



574-24" =9' 36"- 

41. July 30, at S^ 20" p.m. mean time, in long. 9° 0' W. : 
required the sun's decl. Ans. 18° 28' 14" N. 

* The honrly difference is greatest at the eqainoxes (March and September) when 
it is about 59'' and the sun has no declination or * crosses the line,' and it is zero at 
the solstices (June and December) when the declination is at a maTi'mnm. 

'The corrections for Greenwich date of the quantities taken out of the NawUaU 
Almanac, when small, are frequently made by inspection; the results thus obtained 
are generally found sufficiently correct for purposes of narigation. The sun's 
declination is given in the NauUcal Almanac for both apparent and mean noon at 
Greenwich ; in some problems one is required and in some the other. 
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42. Dec. 10, at 6^ 32'" a.m. mean time, in long. 32° 30' W. : 
required the sun's decl. Ans, 22° 54' 40" S. 

43. Sep. 22, at 4*» 52'" p.m. mean time, in long. 57° 15' W., 
when a chronometer showed 8^ 38"* 12', error on Greenwich mean 
time (G.M.T.) 3" 36" slow : required the sun's decl. 

Ans. 0° 1' 44" S. 

DecL and Var. in 1 hour from 'Nautical Almanac* 

Var. in 1 hour. 

July 30 18° 30' 39" N. 36-7" decreasing 

Dec. 10 22 55 22 S. 12-7 increasing 

Sep. 22 6 38 N. 58-5 decreasing 

The sun has north declination from March 20 to Sep. 22, 
attaining its maximum value (23° 27') on June 21 ; and it has 
south declination from Sep. 22 to March 20, attaining its maxi- 
mum value (23° 27') on Dec. 21. 

Note. — The var. in 1 honr of both declination and equation of time is the variation 
at the instant of apparent noon, and, strictly speaking, is not applicable to any other 
apparent time, nor to any mean time whatever ; for purposes of navigation no practical 
error is involved by neglecting this distinction. 

Prior to 1863 the var. in 1 hour represented the whole change in 24 hours divided 
by 24. 

The sun's approximate declination and equation of time are given for a period of 
four years in the Time Azimuth Tables ; they repeat their values almost exactly at 
the end of this interval, so that these elements for any day in 1899 may be looked out 
for the same date in 1891 or 1895 {see Inman's Tables, Nos. 22 and 39). 

Great care should be taken in correcting the declination of a heavenly body at 
those times when it is changing from north to south, and vice vend; similarly with 
the equation of time on those days when it changes from additive to subtractive, and 
vice versd. 

(1) Find the Greenwich date. 

(2) Take out the equation of time for the nearest noon to the To take out 
Greenwich date and the hourly difference (var. in 1 hour).^ of timofoaT'' 

(3) Multiply the hourly difference by the hours from noon any date 
found from the Greenwich date, and, if great accuracy is required, 

by the fractional or decimal parts of an hour in the Greenwich 
date ; the result will be the correction to be applied with its 
proper sign to the equation of time taken out. 

July 12, at 6^ 5™ a.m. mean time nearly, in long. 160** W. : Example 
required the equation of time. 

* The hourly difference is zero when the equation of time is greatest, and attains 
its maximum value near the times when the equation vanishes ; thus on December 22 
it changes half a minute a day. The greatest value of the equation of time is 
16" 19'. 
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Ship, July 11 17*» 5» 

long, in time 1 40 W. 

Greenwich, July 11 27 45 

Greenwich, July 12 3 45 

Equation of Time. 

July 12 5° 15'7'» Var. in 1 hour 0'308» incr. 

Corr + 1/2 3 

.-. Equation =5 16-9 0924 

30°^ i 0-154 

15 i 0077 

Corr 1155orl-2 + 

Find the equation of time in each of the following examples : 

44. March 2, at &" lO"' p.m. mean time, in long. 38° 42' W. 

45. June 13, „ 10 42 p.m. „ „ 152 45 W. 

46. March 29, „ 10 41 a.m. „ „ 87 8 E. 
when a chronometer showed 4^ 52" 28", error 1"* 0" slow on 
G.M.T. 

Equation of Time from * Nautical Almanac' 

Var. in 1 hour. 

Eq. of time, March 2, 12°» 22-1* 0-53'' decreasing 

June 13, 9'4 051 „ 

March29, 4 505 077 

Ans. to 44, 45, 46 : 12°» 17-5», 0"» l-3«, 4~ 55-9». 

To take out The right ascension of the mean sun (R. A. M. S.), or the 

MoeMionof sidereal time at Greenwich, is given in the Nautical Almanac 
the moon for every day at mean noon. As the motion of the mean sun is 
uniform throughout the year (the motion in every 24 mean solar 
hours being 3™ 56-555" in sidereal time), the change in any given 
number of hours, minutes, and seconds is easily found by means 
of a table. This is given in the Nautical Almanac, under the 
title of ' Time Equivalents ' ; it may be also found, arranged in a 
very convenient form, in Inman's Tables, No. 40. 

As the right ascension is continually increasing, the correction 
is always additive to the sid. time at the G. M. noon pre- 
ceding.* 

1 As the beginner is sometimes confused by the similarity of terms employed in 
speaking of the right ascension of the son, we give the following explanations : 

1. The apparent right ascension of the sun at apparent noon is the same as the 
sidereal time at apparent noon, or the time shown by a sidereal clock when the tnie 
son is on the meridian. 

2. The apparent right ascension of the son at mean noon is the right ascension of 



sun for any 
date 
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July 23, at 2^ 32°^ p.m., in long. 80° 42' E. : required the right Example 
ascension of the mean sun. 

Right Asc. Mean Sun. 

Ship, July 23 2^ 32~ July 22 sid. time at Gr. 

long, in time 5 23 E. mean noon 8'» 0"» 35* 

Green., July 22 ...21 9 corr. for 2P 3 27 

„ 9- 1;5 

E. A. M. S 8 4 3-5 

Find the right ascension of the mean sun in the following 
examples : 

47. March 2, at 10^ 42°* p.m. mean time, in long. 48° 10' W. 

48. „ 15 „ 6 6 A.M. „ „ 100 W. 

49. „ 21 „ 10 9 P.M. „ „ 100 E. 
when a chronoraeter showed 3^ 28"* 30*, error 1" 30" slow on 
G.M.T. 

Elements from * Nautical Almaiiac^ and Answers. 

March 2, Sidereal time at Green- 
wich mean noon, 22*^ 40" U'9\..Ans. 22^ 43" 20» 
„ 15, „ 23 32 01... „ 23 32 76 

„ 21, „ 23 55 39-4 ... „ 23 56 139 

The moon's declination and right ascension are recorded in to take out 
the Nautical Almanac for the beginning of every hour of mean ^*^®^°^?*" 
time at Greenwich, together with the variation or change in and right 
10 minutes. To find them for any intermediate time we may ««o®i"io^ 

_ ^ ,_ -^ -^ for any date 

proceed as follows : 

(1) Find the Greenwich date, 

(2) Take out of the Nautical Almanac the moon's declination 
and right ascension (B. A.) for the hour preceding that of the 
Greenwich date. 

the tme son at the instant of mean noon, and differs from the preceding by the move- 
ment of the sun in right ascension daring the Interval between apparent and mean 
noon — that is, during the interval of the equation of time. 

3. The sidereal time at mean noon is the right ascension of the m6cm sun at mean 
noon, or the time shown by a sidereal dock when the mean sun is on the meridian ; 
it differs in value from (2) by the amount of the equation of time. 

4. The mean time of transit of the first point of Aries (given on page ili. of each 
month in the NcMtical AVnumac) is the distance of the mean sun from the meridian 
when the first point of Aries is on the meridian, or, in other words, is the mean time 
at sidereal noon. 

In each of the above cases, by the first point of Aries is understood the true 
position of the equinoctial point at the instant considered. 

Throughout tiiis work the term * Bight ascension of mean sun ' (B. A. M. S.) will 
be applied to the sun at the instant considered, and * Sidereal time at mean noon ' will 
mean the right ascension at the instant of Oreemoich mean noon. 
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(3) Take out the difference of decL and right ascension for 
10™ (var. in 10°^) opposite the declination and right ascension 
taken out. 

(4) Multiply the 10" diff. by the number of minutes in Green- 
wich date, and remove the decimal point one place to the left : the 
result is the correction in decl. and right ascension for Greenwich 
date in seconds, which turn into minutes and seconds if necessary, 
and apply to the decl. and right ascension originally looked out.' 

The correction for declination is additive or subtractive accord- 
ing as the declination is increasing or decreasing. 

The correction for right ascension is always additive. 

sxampies January 24, at 5^ 40" p.m. mean time, in long. BO"* 15' W. : 

find the moon's declination and right ascension. 



Ship, Jan. 24 5" 40» 


long, in 


time 4 1 W. 


Gr. Jan. 


29 9~41 


Moon'8 DecL 


Var. in 10-. Moon's B. A. Var. in 10-. 


Jan. 24, 9"... 10° 9' 7" N. 


116-9" incr. O'' 64» 49* 22-27' incr. 


corr.for41» 7 59 


41 corr. 1 31 41 


10 17 6 


1169 56 20 2227 




4676 8908 




479-29 91-307 




7' 59" + 



50. June 2, at 10*> 30" a.m. mean time, in long. 53** 15' W. : 
find the moon's right ascension and declination. 

Ans. E. A. 2^ 47" 29-3«, decl. IT 12' 45" N. 

51. Sept. 7, at 4^ 15" A.M. mean time, in long. 56^ 30' E. : 
find the moon's right ascension and declination. 

Ans. E. A. 14*^ 53" 51-9», decl. W 51' 39" S. 

52. July 10, at 9^ SV^ a.m. mean time, in long. 44^ 20' W., 

* The var. in 10"" given in the Nautical Almanac is the rate of ohange of the 
elements at the commencement of each hoar, but no practical error is involved by con- 
sidering it as the rate of change during the hoor. 

The declination and right ascension of a planet is taken from the Planetary 
Ephemerides at mean noon given in the Nautical Almanac and corrected for the 
Greenwich date in a similar vay to the method employed in correcting the snn's 
declination, using the proportioniU part of the differences in 24 hoars ; or the hourly 
variations may be taken from the Planetary Ephemerides at transit at Greenwich. 
The greatest daily changes in the K A. and decl. of Venns are 6 minates and 85", and 
the ooiresponding changes for Mars 4 minates and 25". 



Digitized by 



Google 



MOON'S RIGHT ASCENSION AND DECLINATION 



189 



when a chronometer showed 1** 2"* 10", error 34" 50" fast on 
G.M.T. : find the moon's right ascension and declination. 

Ans. E. A. IP 27°* 47-8-, decl. 1^ 23' 0'' S. 

Moon's B. A. and DecL from * Nautical Almanac/ 

Moon*B Bight Asoension. Yar. in 10". Moon's Decl.^ Var. in 10". 

Jnne 2, at 2^.. 2^ 47-231- 20-83' incr....l7° 12' 26" N. 63-4" inor. 

Sept. 6, at 12 ...14 52 44*7 2316- incr....l6 48 19 S. 68-9" incr. 

July 10, at 0...11 26 65-2 19-49- incr.... 1 17 68 S. llV7"incr. 

The moon's declination varies from 28° 35' N. to 28° 35' S. (see 
page 221) ; the var. for 10°* has a maximum value of about 3'. 

The moon's right ascension increases from 0^ to 24*" during 
every month; its maximum change in 1 hour is 2™ 55' and 
minimum 1°* 45". 

The moon's semidiameter and horizontal parallax are given in 
the Nautical Almanac for every mean noon and mean midnight 
at Greenwich ; to find these quantities for any other time we may 
proceed as follows : 

(1) Find the Greenwich date. 

(2) Take out of the Nautical Almanac the semidiameter and 
horizontal parallax for the epochs between which the hour of the 
Greenwich date lies and take their differences. 

(3) Divide the differences by 12, and multiply by the hours 
and decimals of the Greenwich date, which will give the correc- 
tions in seconds to be appUed according to sign to the semi- 
diameter and horizontal parallax at the earlier epoch. 

Aug. 3, at 4^ 10°* P.M. mean time nearly, in long. 56° 15' W. : 
required the moon's semidiameter and horizontal parallax. 

Ship, Aug. 3 4^ 1(V» 

long, in time 3 45W. 

Greenwich, Aug. 3, 

Moon's Semidiameter. 



.7 55=7-9 hrs. 



August 3, at noon. ..15' 6*6" 
mid. ...15 10*6 



40 

79 

12)3576 



Moon's Horizontal ParaUaz. 

August 3, at noon.. .55' 20-6" 
„ mid. ...55 35*3 

147 
7-9 



Corr. 



2-6 -h 



1323 
1029 



Semi, at noon 15 6*6 
Corrected semi. 15 9*2 



Corr. 
Hor. par. at noon 
Corrected hor. par. 65 30*2 



To take out 
the moon's 
semi- 
diameter 
and hori- 
■ontal 
paraUax for 
any date 



Examples 



12 )11613 

9^ 
55 20*6 
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190 NAVIGATION AND NAUTICAL ASTRONOMY 

Note. — These oorrections are always so small that for most practical problems 
except Lonars they can be taken out by inspection or entirely omitted. 

Find the moon's semidiameter and horizontal parallax in the 
following examples : 

53. March 2 at 6^ 42'" p.m in long. 100^ 0' W. 

54. „ 14 at 3 30 a.m „ 120 W. 

55. „ 24 at 10 9 p.m „ 60 42 E. 

when a chronometer showed 6^ 8™ 20", error 1" 8" fast on G.M.T. 



Elements from ' Nautical Aim 


■ Moon's Semidiameter. 


Moon's Hor. Par. 


March 2, mid. 16' 5-1" 


Mid. 68' 54-7" 


„ 3, noon 16 21 


Noon 58 43-6 


„ 13, mid. 14 48-9 


Mid. 54 15-7 


„ 14, noon 14 47-8 


Noon 54 11-5 


„ 24, noon 16 18-7 


Noon 59 44-6 


„ 24, mid. 16 237 


Mid. 60 1-8 



Answers. 
Semi. 16' 4-7" 
H. P. 68 53-4 
f Semi. 14 47 -9 
H. P. 54 11-7 
-- i Semi. 16 21-2 
^* H.P. 59 53-3 



53 



54. 



lESquatorial 
horizontal 
parallax 



The moon's equatorial horizontal parallax varies from 61' 24" 
to 53' 48" according to her distance from the earth. 

The moon's semidiameter is always nearly -^\ of the horizontal 
parallax, and varies from 16' 45" to 14' 44". 

The change of semidiameter in 12 hours never exceeds 8", 
and that of horizontal parallax in the same interval never 
exceeds 27". 

The horizontal parallax given in the Nautical Almanac is the 
equatorial horizontal parallax, or the greatest angle xmder which 
the earth's equatorial (and greatest) 
semidiameter would appear if seen 
from the centre of the moon. 

Thus if H represents the moon 
on the horizon of Q, a place on 
the equator, the horizontal parallax 
taken out of the Almanac is the 
angle Q H c, which is greater than 
the horizontal parallax for any 
other latitude, that at the pole 
p H* c being the least of all ; the extreme diflference being only 
about 12" {see Inman's Tables, No, 50) it may be neglected in 
nautical astronomy, and the parallax taken from the Almana/i 
considered as the horizontal parallax of any place. 
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PRACTICAIi EULES ON CONVERSION OF TiME. 

Eule (a). Given mean solar time and the equation of tim^ ; to 
find the apparent solar time : or 

Given apparent solar time and the equation of tims ; to find 
mean solar time, 

(1) Find the Greenwich date. 

(2) Correct for this date the equation of time (taken out of 
page i. of the required month in the Nautical Almanac when 
apparent solar time is given, and out of page ii. when mean time 
is given). 

(3) Apply the equation of time, with its proper sign (as shown 
in the Nautical Almanac), to the given time; the result is the 
time required. 

April 27, at 9** 10™ p.m. mean time, in long, le"* W. : required Examples 
apparent solar time. 

Ship Mean Time. 

April 27 . 9''10»0- 
eq. of time . . 2 81 4 

apparent time 9 12 81 



Shi 
loni 


MeanG 

p, April 27 
;. in time 

, April 27 


Dime. 

. 9''10- 
. 1 4W. 


Equation of Time 
(pageii. *Naut.Ahn.*). 
27. . 2- 26-9' add to 

mean time. < 


Gr., 


. 10 14 

or 10'2 hrs. Var. in 1 hour, ^O* incr. 
Hours from noon 10*2 

Corr. 4-08 + 
/. corrected equation of time = 2 30*98 + 



June 22, at 5** 42" p.m. apparent solar time, in long. 100** 30' E. : 
required mean -solar time. 

Apparent Time. (p^f ^Nal^i^^^ Ship App. Time. 

Ship, June 22 . 5" 42" p.m. 22nd . 1» 40-2' add June 22 5^ 42" 0- 

long, in time . 6 42 E. to app. time. eq. of time . . 1 89*6 + 

Gr., June 21 . 28 Var. in 1 hour 0-54 incr. /. mean time 5 43 39-6 

or 1 hour from noon Corr. for do. 0*64 — 



.*. corrected equation of time = 1 89'66 + 

56. July 4, at 6** 10" p.m. mean time, in long. lOO"* W. : required 
apparent solar time. Ans. 6^ 5™ 53-2*. 

57. Dec. 10, at 4^ 42"* p.m. apparent solar time, in long. 
80° 45' W. : required mean solar time. Ans. 4^ 35™ 18-1*. 

58. Feb. 23, at 10^ 40™ a.m. apparent solar time, in long. 
I*' 6' W. : required mean solar time. Ans. 10** 53™ 43-5" a.m. 
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192 NAViaATION AND NAUTICAL ASTRONOMY 

Elements from ' Nautical Aw^nacJ 

Equation of time, July 4 4" 1-1" sub. Var. in 1 hour •444" incr. 
Dec. 10 6 53-5 sub. „ 1148 deer. 

Feb. 23 13 431 add. „ 331 deer. 

Eule (6). Given mean solar time; to find sidereal time. 

(1) Find the Greenwich date. 

(2) Increase the right ascension of the mean sun (taken out 
of the Nautical Almanac as the sidereal time at the mean noon 
preceding the Greenwich date), by the table of Time Equivalents 
(Inman's Tables, No. 40), for the change due to the Greenwich 
date. 

(3) Add together the corrected right ascension of the mean 
sun and mean time at the ship. 

(4) The sum (rejecting 24 hours if greater than 24 hours) will 
be sidereal time. 

The reason for this may be seen from the following figure 
(fig. 97) : 

Let M be the position of the mean sun in the equator at the 
moment of its transit over the meridian 
of Greenwich and T the first point of 
Aries ; then will the angle T p m represent 
the sidereal time at Greenwich mean noon 
(which is recorded in the Nautical Al- 
manac). Let m be its position at any 
subsequent time, represented by the angle 
m p L, when referred to ship mean time 
under the meridian p L ; then will m m represent the increase of 
right ascension of the mean sun, or the portion of the acceleration 
due to the time elapsed since the preceding Greenwich mean noon. 

Then tPL= tPM + MPm + LPm 

Sidereal time at pre- 
ceding Greenwich 
mean noon 

Feb. 24, at 10^ 40°* 30» a.m. mean time, in long. 1^ 6' W. : 
required sidereal time. 

Bight Ascension Mean Sun. 
Ship, Feb. 23 22»' 40« 30« Feb. 23 sid. time at Or. noon 92" 10- 3-62- 
long, in time . 4 24 W. cor. for 22" 3 36-84 

Gr.,Feb. 23. 22 44 54 „ 44" 723 

„ 64- -15 

right asc. mean sun... 22 13 47-74 

ship mean time 22 40 3000 

sidereal time 20 64 17*74 

(rejecting 24 hoars). 




Or ship sidereal time = 



i Acceleration for I , a lu- m 
1 Green, date J + »MT 
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59. July 10, at 0^ 42"* 10» p.m. mean time, in long. 84** 42' W. : 
required sidereal time. Ans. 7^ 66" 29-8'. 

60. Sept. 30, at 6^* 42" 10» a.m. mean time, in long. 100^ 42' W. : 
required sidereal time. Ans, 7^ 18" 58-59". 

61. Dec. 8, at 10^ 10" 42" p.m. mean time, in long. 18^ 32' E. : 
required sidereal time. Ans. S^ 20" 47*1'. 

Elements from * Nautical Almanac.* 
Sidereal time at Greenwich mean noon : 

July 10 7*» 13" 1714» 

Sept.30 12 36 3464 

Dec. 8 17 8 3696 

Rule (c). Given apparent solar time ; to find sidereal tims, 

(1) Find the Greenwich date in apparent time. 

(2) Correct the equation of time for this date. 

(3) Apply corrected equation of time to ship apparent time, 
and thus obtain ship mean time and thence Greenwich mean 
time. Then, as in the last rule, 

(4) Correct sidereal time at previous Greenwich mean noon, 
thus finding E. A. M. S. 

(5) Add together ship mean time and right ascension of 
mean sim. 

(6) The sum (rejecting 24 hours if greater than 24 hours) will 
be sidereal time. 

May 24, at 6^ 8" 40* a.m. apparent solar time, in long, xsxampies 
21** 12' 15" W. : required sidereal time. 

Bight Asoension Mean Sun. 



loTig, ?n time ........................ t r . 


1 24 49 W. 
19 88 29 

rom A.T. 

\ 1 hour, deor. 
•2- 

4-5 

•90 


23rd, at noon . 
Corr. for 19^.... 

II SO"....! 

B. A. mean sun 
ahip M. T 

fudereal time... 


. 4>» 


4m 2-87« 


Or. A. T., May 28 

or 4*6 hrs. from noon, May 24. 
Equation of Time. 
24th 8» 28-8« snbtr. f 


8 7-27 
4-98 


Var.in 

Hours from noon... 
Corr 


4 
18 

22 


7 14-67 
6 10-80 

12 25-87 






Corr. Eq. of time 

Ann. time 


8 29-2 
18 8 40 

18 5 10-8 

1 24 49 W. 

19 30 




May 28rd 8. M. T. 
long, in time ... 

Or. M. T., May 23 
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62. July 4, at 3^ 42" a.m. apparent solar time, in long. 
84^ 42' W, : required sidereal time. Arts. 22^ 34*" 5209". 

63. Oct. 21, at 8^ 48™ p.m. apparent solar time, in long. 
88* 8' E. : required sidereal time. Ans. 22^ 32« 28-36«. 

Eq. of Time, and sidereal time from * Nautical Almanac.* 

Equation of time. OreShil'^'Noon. 

July 4, 4» 0-8« add Var. in 1 hour 0-466' incr. July 8, 6* 46" 41-24- 
Oct. 21, 15 191 sub. „ „ 0-393 „ Oct 21, 18 59 2236 

Bule (d). Given sidereal time, to find mean solar time, 

(1) Find the Greenwich sidereal time by applying the longi- 
tude to the given sidereal time. 

(2) Correct the mean time of transit of the first point of Aries 
(taken from the Nautical Alm^anac) for the retardation due to the 
Greenwich sidereal time. 

(3) The given sidereal time added to the corrected mean time 
of transit of T will be the mean time required. 

This rule is capable of being explained by means of a figure 
(fig. 98). 

Let M be the position of the mean sun in the equator at the 
moment of the preceding transit of T over 
the meridian of Greenwich, when the 
Greenwich mean time is represented by 
the angle T p m. Let also m be its 
position at any subsequent time when the 
sidereal time at the ship is represented by 
the angle T p L. Let p Lj, p ii„ and p g 
represent respectively the meridians of 
Greenwich and the spectator's place ; p l^ exemplifying a case in 
east, and PL, in west longitude — the meridian being supposed 
to revolve from west to east, while the equator m T Q and the 
equinoctial colure P Y remain stationary. 

The arc m m, the measure of the angle M P m, is the change 
of right ascension, or the amount of the * retardation ' which has 
accrued since T left the meridian of Greenwich, or that due to 
the sidereal interval v P G. 

Now T p o (or the Gr. sid. date) « r pl, ~ oPL„or r pi<2+opl, 
Or Gr. Bid. date = ship aid. time t long, m time | if ^^^ \ 

And if L be taken to represent l, or l^ as the case may be— 

LPme TPM — Mm + LP T 

Or ship mean time = j ^®^^^^^^ '^^ Vl™? o' 1 - ( ^*^*^?? 1 + L. 8. T. 
*^ I preceding transit of T f^ [ forG.S.D.J ^ •" 
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Example.— Convert 15** 9» 43*5« sidereal time, Not. 10, at Washington, into its 
corresponding local mean time : long, of Washington, 6^ 8" 12' W. 

L. S. T. 15 9 43-5 Mean time transit of r 

Long. 5 8 12 W . Gr. Nov. 10 . . . , 8 42 638 

G. S. D. 20 17 65-5 
Retardation for G. S. D.— 

20" 3- 16-60* 

17- 2-78 

56-6* 015] 

3 19*52 Correction fox retardation - 3 19*52 

8 38 46*86 
L. S. T. 15 9 43-50 



Washington mean time required, Nov* 10 23 48 30*36 

In the application of the preceding formula it is necessary, 
iowever, to attend to the following caution. In order that the 
correction for retardation employed may truly represent the 
algebraic sum of the two parts of which it is composed — that is, 
the correction of the mean time of transit of T at Greenwich for 
longitude, and that corresponding to the given sidereal time — it 
will be necessary to take into account that due to 24^ (or 3™ 65"-91), 
in cases where, in obtaining the G. S. date, 24^ has been either 
added or rejected — adding 3™ 65-91' in the former case and sub- 
tracting in the latter. 

ExAXPLE.—At a place in longitude 7^ 30" 20' E. the sidereal time on May 5 was 
3^ 19"" 57' ; what was the corresponding local mean time ? 

h m ■ 
Mean time preceding transit 

of T,Gr.May4 ... 21 7 57*32 



L.S.T. 


h m B 

3 19 57 




Long. 


7 30 20 E. 


G.S.D. 


19 49 37 




Retardation for G. S. D. — 


19" 


3"- 


' 6*76- 


49- 




8*03 


37- 




010 




- 3 


14-89 


for 24>> added + 3 


55*91 




+ 


41-02 



Correction for retardation + 41*02 
21 8 38*34 
L.S.T. 3 19 5700 

L. M. T. May 4 24~28 35^34 
or May 5 28 35*34 

Given the sun's observed altitude; to find the true altitude. 

The true altitude of the sun*s centre is found by observing the 
altitude of either the upper or lower Umb,^ and then subtracting 

* The lower limb is usually observed, except when the sun is low ; the refraotionris 
-then less irregular if the upper limb is taken. L. L. or is the symbol employed to 

»2 
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or adding the semidiameter taken from the Nautical Almanac: 
after the other corrections — namely, for index error, 'dip, refrac- 
tion, and parallax — have been applied. In Inman's Tables, the 
two corrections fbr refraction and parallax of the sun are combined 
in one table, and called the ' correction of the sun's apparent alti- 
tude/ Hence this rule. 

(1) Correct the observed altitude for index correction and dip. 

(2) Subtract the refraction and add the parallax taken from 
Tables Nos. 16, 18 ; or else take out the * correction of the sim's 
apparent altitude ' (No. 20), and subtract it. 

(3) To this add the sun's semidiameter if the altitude of the 
lower limb is observed, but subtract it if the upper limb is 
observed ; the result is the true altitude of the sun's centre.* 

denote the son's lower limb, and U. L. or that representing the npper limb. Similar 
abbreviations are nsed for the moon, bnt, except when full, only one limb can at any 
time be observed. At sea the mean of three or five observations taken qoiokly one 
after another is that employed. 

' The accompanying figure represents (Ul the corrections applied to an observed 
altitude of the son's lower limb. An observer at o measures the altitude Xi o &i of the 

Fio. 99. 




lower limb of the apparent sun b, above the visible horizon, and from that observa- 
tion wishes to determine the true altitude of the real sun's centre above the rational 
horizon as if observed from o the centre of the earth — that is, the angle s c h. 

Now8CH = icH + ic8=:icH + 8un's semidiam. 

igb = ik^ = xa/1| + ciasia^i + sun's parallax 
I A ^, = I, A ^1 — I A I, = ii A Ai — refraction of sun's lower limb 
I, A A, = ii o 6i - apparent dip {see fig. 76, page 148). 

Hence true alt. of centre = observed alt. of lower limb— apparent dip 

-refraction + parallax + semidiam. 
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The observed altitude of the sun's lower limb (L. L.) wai^ Bxampies 
47** 32' 15", the index correction was +2' 10", and the height of 
the eye above the sea 15 feet : required the true altituiie of 
the sun's centre, the semidiameter in Nautical Almanac being 
15' 49". 

Observed altitude 47** 32' 15" 

index correction 2 10 + 

47 34 25 
dip 3 49 - 

47 30 36 
correction in altitude 49— 

47 29 47 
semidiameter r. 15 49 + 

True altitude 47 45 36 

64. The observed altitude of the sun's L. L. was 48** 30' 15", 
index correction —2' 50", and height of eye above the sea 15 
feet : required the true altitude, the semidiameter being 15' 55". 

Am. 48^ 38' 46" 

66. The observed altitude of the sun's L. L. was 40** 42' 15", 
index correction + 5' 10", and height of eye above the sea 20 feet : 
required the true altitude, the semidiameter being 16' 4". 

Ans. 40** 58' 4". 

66. The observed altitude of the sun's upper limb (U. L.) was 
55** 57' 40", index correction —3' 40", height of eye above the 
sea 19 feet : required the true altitude, the semidiameter being 
16' 6". Ans. 55** 33' 4". 

67. The observed altitude of the sun's L. L. was 39** 25' 15", 
index correction —3' 15", height of eye above the sea 15 feet : 
required the true altitude, the semidiameter being 16' 3". 

Ans, 39^ 33' 11". 

Given the moon's observed altitude; to find the true altitude. 
The moon's horizontal parallax and semidiameter change so 
rapidly that they cannot be considered (as in the corresponding 
case of the sun) to be constant for twenty-four hours. The 
parallax and semidiameter taken out of the Nautical Alnumac 
must therefore be corrected (usually by inspection) for the 
Greenwich date in order to find the horizontal parallax and 
horizontal semidiameter at the time of the observation. More- 
over, since the moon is nearer the observer when at any altitude 
than when it is on his horizon, the horizontal semidiameter must 
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also be corrected for augmentation (page 153). The corrections 
of the moon's apparent altitude for parallax and refraction are 
combined in one (see Inman's Tables, No. 34) : it is entered with 
the corrected horizonal parallax at top, and the apparent altitude 
of the moon's centre at the side. Hence this rule. 

(1) Find the Greenwich date. 

(2) Correct the moon's semidiameter and horizontal parallax, 
taken from the Nautical Almanac^ for the Greenwich date 
(page 189). 

(3) Add to the semidiameter the augmentation, taken from 
the table of augmentation (Inman's Tables, No. 32). 

(4) Correct the observed altitude for index correction, dip, and 
augmented semidiameter. 

(5) Add the moon's correction in altitude, taken out of 
Inman's Tables, No. 34.^ The result is the moon's true altitude. 

* The aeooQipanying figure {fig. 100) represents all the corrections applied to aa 
observed altitude of the moon's lower limb. An observer at o measures the altitude 

Fig. 100. 




ii bi of the lower limb of the apparent moon l, above the visible horizon, and from 
that observation wishes to determine the true altitude of the centre of the real moon 
L above the rational horizon — that is, the angle l c h. 

Now Lo H = LK^»LA^i + ALc=:LA^, + par. in alt. 

la^i = LiA%i—l,albL|A^i— refraction of moon's centre 

Li A ^ = ij A ^ + ii A L| = i| A ^, + semidiameter augmented for altitude 

ii A ^ = 1, 6, -apparent dip {see fig. 76, page 148). 

Hence true alt. of centre = obs. alt. of lower limb- dip + augmented semidiameter 

— refraction + parallax. 

' The refraction and parallax combined are given in Inman's Tables, No. 84 ; these 
corrections are calculated for the centre of the moon, and therefore (unlike the sun) 
the semidiameter is applied before them. 

The moon's altitude might also be corrected by applying the refraction and parallax 
for the altitude of the Umb observed, and then the semidiameter toithout (vugmentaHon 
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April 7, at 4** 47" p.m. mean time nearly, in long. 10"* W., the Example 
observed altitude of the moon's L. L. was 72** 15' 0", the index 
correction was —4' 20", and height of eye above the sea 15 feet : 
required the true altitude. 

Moon's Semi* Moon's Hor. Par. 

Ship, April 7 4* 47- 7th, at noon ... 16' 41" noon 67' 82-0" 

long, in time 40 W. „ mid. ...16 46*8 mid 57 60-8 

Gr., April 7 6 27 fs 188 

Corr. for5»'27-) *i Co 9 

by inspection ) "' '" 

16 43 67 40 

Aug-. ... 16 

1 68 
Obs. alt. ... 72<» 16' 0" 
in. oorr. ... 4 20 — 

72 10 40 
dip 8 49 - 

72 6 61 
semi ' 16 68 + 

72 22 49 
oorr. for 67' 16 67 + 
„ 40" 12 + 

/.true alt. 72 89 58 

68. July 12, at 9»» 18» p.m. mean time nearly, in long. 44*^ 40' 
W., the observed altitude of the moon's L. L. was 27** 56' 40", 
the index correction + 2' 20", and height of eye above the sea 20 
feet : required the true altitude. Ans. 28° 56' 11". 

69. May 15 (10»» 30°* p.m.), at 8^ 6" 10- by a chronometer 
which was 6** 1" 30» slow on G.M.T., the observed altitude of the 
moon's L. L. was 21° 14' 10", the index correction + 2' 20", and 
height of eye above the sea 15 feet : required the true altitude. 

Ans. 22° 16' 7". ^ 

70. May 16, at 1^ 58« a.m. mean time nearly, in long. 12° 30' 
E., the observed altitude of the moon's U. L. was 45° 20' 30", the 
index correction + 4' 10", and height of eye above sea 20 feet : 
required the true altitude. Ans. 45° 43' 13". 

Elements from * Nautical Almanac' 

Moon's Semidiameter. Moon's Horizontal Parallax. 

July 12, mid 14' 559" mid 54' 47-8" 

„ 13, noon 14 593 noon 55 03 

May 15, mid 14 411 mid 54 530 

„ 16, noon 14 46-3 noon 54 577 
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Given a stab's observed altitude ; to find its true altitude. 

The stars are at such a vast distance from the spectator that 
(excepting probably a few) even the diameter of the earth's orbit 
subtends no angle at them : hence a star is considered to have no 
parallax (page 152) ; and the only corrections used for reducing the 
observed altitude to the true are the index correction, dip, and 
refraction. Hence this rule : 

(1) To the observed altitude apply the index correction with 
its proper sign. 

(2) Subtract the dip and also the refraction ; the result is the 
true altitude of the star. 

Kzampies The observed altitude of Arcturus (a B5otis) was 36"" 10' 20", 

index correction + 2' 42", and height of eye above the sea 20 feet : 
required the true altitude. 

Observed altitude 36** 10' 20" 

index correctio n 2 42 + 

36 13 2 

dip 4 2 4- 

star's apparent altitude 36 8 38 

refraction 1 20— 

star's true altitude 36 7 18 

71. The observed altitude of Aldebaran (a Tau ri) was 13^ 4' 30", 
index correction— 10' 40", and height of eye above the sea 16 feet : 
required the true altitude. Ans, 12** 45' 43". 

72. The observed altitude of a AndromedsB was 27^ 10' 20", 
index correction + 5' 40", and height of eye above the sea 20 feet : 
required the true altitude. Ans. 27^ 9' 43". 

73. The observed altitude of Capella (a AurigaB) was 56^ 4' 40", 
index correction— 3' 25", and height of eye above the sea 28 feet : 
required the true altitude. Ans. 55"* 55' 23". 

74. The observed altitude of Procyon (a Canis Minoris) was 
87° 4' 15", index correction + 7' 5", and height of eye above the 
sea 10 feet : required the true altitude. An^. 87° 8' 10". 

Note. —For the parposes of naatical astronomy an observed altitude of 9k planet is 
corrected in precisely the same way as that of a star, the small corrections for semi- 
diameter and parallax being neglected, as these never amount to more than a few 
seconds. In practical work at sea it is as a rule sufficiently accurate to correct all 
altitudes of heavenly bodies only to the nearest minute of arc {see page ] 
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CHAPTEE VIII. 

Hour angles— Sun's hour angle— Star's hour angle— Times of meridian passages- 
Moon's meridian passage — Corrections for nm— Effect of nm on altitude and 
time. 

The hour angle of a heavenly body is the angle at the elevated Hour angles 
pole between the celestial meridian and the circle of declination 
passing through the place of the body. 

Hour angles are measured westward from the celestial 
meridian from 0** to 24'*.* 

Thus in figs. 101 and 102 (drawn on the plane of the equinoctial), 
representing a heavenly body in two positions, one west and the 





other east of the meridian of an observer in latitude z Q, the hour 
angle is the angle z p x, measured by the arc of the equinoctial 
Q B in fig. 101, and by Q Q^ B in fig. 102. 

Where the heavenly body considered is either the apparent or 
mean sun, the hour angle is by definition (page 164) the apparent 
or mean astronomical time, and, similarly, the hour angle of the 
first point of Aries is sidereal time, 

* Hour angles of any heavenly body may be considered as portions of sidereal time, 
since they are differences of the right ascensions of the meridian and the heavenly 
body considered ; if the hour angle is leas than 12 hours the body must be west, and if 
more than 13 hours, east of the meridian. 
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In a large number of problems considered in succeeding 
chapters the calculation of hour angles will be found of frequent 
occurrence ; thus in every question where finding time is involved, 
the first result obtained by observation is the hour angle of the 
body observed. 
Theonr Given the altitude and declination of a heavenly body, and 

the latitude of the place of observation, to calculate the hour 
angle of the heavenly body. 

In figs. 103, 104 let p z Q be the celestial meridian, p the pole, 
z the zenith of spectator, and x the place of the heavenly body. 
Let A Q be the equinoctial ; through x draw P x B a circle of 
declination, and z x a circle of altitude. Then, in the spherical 

Fio. 103. 








Fio 


.104. 
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triangle z p x the three sides are given, to calculate P the hour 
angle. 

For p x=polar distance = 90** —decl. ; 

z x= zenith distance =90**— alt. ; 

P z = colatitude =90^ — lat. 

Xzamples Calculate the hour angle of a heavenly body x, west of meridian, 

having given the latitude of observer = 48° 40' 45" N., the star's 
declination=8° 25' 45" N., and star's altitude=13** 57' 45" ; con- 
structing the figure on the plane of the horizon ^ {see fig. 104). 

> To obviate the ealculoHon of hour angles, tables have at different times been 
published, from which for a given latitude, altitude, and declination, the hour angle 
may be taken by inspeetion. The earliest of these appears to have been Lalande's 
* Horary Tables,' published in 1798, and calculated for every degree of declination 
from 24° N. to 24° S., and for every degree of latitude and altitude within the Umits of 
60° N to 60° S. of latitude and 0° to 4S° of altitude. 

A more complete set of tables was published in 1827 by Commander Lynn, JJ^^ 
embracing declinations from 24° N. to 24° S., latitudes from 60° N. to 60° 8., and 
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Let N w s E represent the horizon, n z s the celestial meridian, 
w z E the prime vertical. Take N p= latitude; then P will 
represent the north pole of the heavens, since the altitude of the 
pole=latitude of spectator (for lat. z q=s90— p z and N p=90— P z, 
.-. z Q=N P, the altitude of pole, see page 227), and p z is the 
colatitude. Take p Q=90** ; then q is a point in the equinoctial : 
through E and w, the east and west points, and Q, draw the 
circle w Q e ; this will represent the equinoctial. Let x be the 
place of the heavenly body at the time of the observation (placed 
according to its altitude and declination) ; and through x draw x P, 
a circle of declination, and x z, a circle of altitude. Then, in the 
spherical triangle z p x are given p x the polar distance (90*^— 
decl.) =81" 34' 15", z x the zenith distance (90° -alt.) =76** 2' 15", 
and p z the colat. (90** -lat.) =41** 19' 15" ; to calculate z p x, the 
hour angle. 

px... 8r34'15".. log. cosec... 0004717 

pz... 41 19 15 „ „ ... 0180275 

40 15 
xz... 76 2 15 

S...116 17 15 i L hav... 4929099 

D... 35 47 15 „ „ ... 4-487496 

Lhavzpx... 9-601587 
.•.zpx=5M3«'39«» 

Sometimes the hour angle is obtained from the formula 

. h^ / cos S sin~(S— g) 
sm2-\/ cos Z sin i) 

when I = latitude, p = polar distance, and a = altitude, S being 

a + l+p 
2 

altitudes from 0° to 60°, and by an auxiliary table for interpolation enabling the hour 
angle to be taken out very accurately. 

In 1790 Margett published tables expressed graphically in curves, from which hour 
angles and azimuths could be taken by meastirement. 

In more recent times tables for the same purpose have been published by 
M. Hommey 1868, and Mr. Davis, of the Nautical Almanac ofiSce, 1897. 

I Hour angles are of course angles, and might be expressed as degrees, &o., but as 
they are usually employed to determine time, it is conveniently arranged in Inman*s 
Tables to convert them from arc to time by inspection ; when the heavenly body con- 
sidered is west of the meridian, the hour angle is less than 12 hours, and is taken 
from the top of the page in the Table of Haversines ; when east, it is greater than 
12 hours, and is taken from the bottom of the page. It is usual in calculating hour 
angles to work with the secants of the declination and latitude, instead of the cosecants 
of the polar distance and colatitude. See example on page 284. 
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This may be proved from the fundamental formula, as 

follows : 

, sin a— sin i cos j> 
cos ^= ^^„ 7 •„ ^ — 
cos C Binp 

. , cos Z sin^— sin a + sin Z cosjj 
,-. 1-cos A= ^^Um^ 

4 , ^ . , A sinrt+p)— sina 

And 2 sm« « = — L. fi;r. ^ — 

2 cos i sin p 

2 cos i(?+j?-f g) sin ^ (Z4-j>— a) 

~ cos Z sin i> 

TTo«o^ eir.2 * COS S sin (S-g ) 
Hence sm« 2= cosZsinp 

If S=^^ 

. , , .A //cos S sin (S— o)n 

And also sin ■?;=>» / i 5—= I 

2 V V. cos Ismp J 

The above example would then be worked as follows : 

Alt. 13° 67' 45" 

Lat. 48 40 45 sec -180275 

P.D. 81 34 15 cosec 004717 

144 12 45 

8=72 6 22 cos 9487498 

S-a==58 8 37 sin 9929097 

2/19-601587 
sin 2= 9-800794 

1=2" 36" 49-5« 

andA=5 13 39. 

BnunpiM 1- Find the hour angle of a heavenly body, west of meridian, 

having given the latitade=47° 20' N., the declinations 11" 24' 24" 
N., and the altitude =42° 33' 10" ; and construct the figure. 

Am. Hour angle =2" 27" 51». 

2. Find the hour angle of a heavenly body, east of meridian, 
having given the latitude =56° 10' N.,the declination =33° 11' 44" 
N., and the altitude =59° 4' 0" ; and construct the figure. 

Am. Hour angle=21'' 59" 30». 

3. Find the hour angle of a heavenly body, east of meridian, 
having given the latitude=50° 48' 0" N., the declination= 
14° 28' 47" S., and the altitude=3° 13' 0"; and construct the 
figure. Ans. Hour angle=19'' 36" 24'. 
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Given the hour angle of sun ; to find ship mean time. 

The angle hour of the sun is by definition (page 164) the 
Apparent time, and the problem is similar to that on page 191, 
being a conversion of apparent time into mean time. 

First. Let the sun be west of meridian. Let P be the pole, 
Z the zenith, and x the place of the sun. Then (fig. 105), 

Apparent time = hour angle z p x, or arc Q b ; 

and if the equation of time be subtractive from apparent time 
(and this is known from the Nautical Almanac), let m be the 
mean sun ; 

Then q m=mean time required. 
By the figure, Q msacQ r— r m, 

or mean time = sun's hour angle — equation of time. 

If the equation of time is additive to apparent time, then the 
mean sun m is in advance of the true sun x, and m should be 




placed in the figure on the other side of r. In this case mean 
time = sun's hour angle + equation of time. 

The proper sign to be used is always given in the Nautical 
Almanac with the equation of time. 

Next Let the sun be east of meridian. It will be more con- 
venient in this case to project the figure on the plane of the 
equinoctial. Let, therefore, p be the pole, z the zenith, and x 
the place of the sun. Then (fig. 106), 

Apparent time = arc Q q' R=hour angle of sun ; 

and if the equation of time is additive to apparent time, let m be 
the mean sun ; then the arc Q q' m=mean time required. 



Hour angle 
of sun 
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And by the figure, Q q' m=Q q' b -i-r m, 

or mean time = sun's hour angle + eq. of time. 

■zampiM 4. Given the sun's hour angle =3^ 42"^ lO and the equation of 

time=sl4'^ 10" additive to apparent time; required mean time» 
and construct figure, decl. 0**. 

Ans. Mean time=3'* 56"» 20». 
5. Given the sun's hour angle=17^ 57" 40*, and the equation 
of time =3™ 42" subtractive from apparent time; required mean 
time and construct figure, decl. 10^ N. 

Ans, Mean time=17^ 53"" 58». 
Hour angle Given the hour angle of any other heavenly body, as a star ; 

to find ship mean time. 

We have to prove the following rule, viz. : 

When the star is either west or east of meridian, 
Mean time = star's hour angle + star's right ascension 

-right ascension of mean sun. 

To do this we must show that this equation is true for all 
positions of the star, the mean sun, the first point of Aries, with 
respect to each other. The figures in this problem are projected 
on the plane of the equinoctial. 

First, suppose the heavenly body to be west of meridian. 

(a) Let p be the pole, and x a heavenly body ; and let A, the 
first point of Aries, and m, the mean sun, be situated with respect 
to X and to each other as in fig. 107. 

Then Q R = star's hour angle, A m ss right ascen. of mean sun, 

A R =s star's right ascen., and Q m= mean time required. 
By the figure, q m=Q r + a r— a m, 

or mean time = star's hour angle + star's R A — r A mean sun. 

(b) Let the relative positions of A, m, and x be as represented 
in fig. 108. 

Then q r=s 24^— star's hour angle, a m=R a mean sun, 

A R = star's right ascen., and 24^ — qm = mean time required. 

By the figure, q m=Q r + r m=Q r+a m— a r, 
or (24'*— mean time) = (24**— star's hour angle) + R A mean sun — 
star's R A 

.*. mean time = star's hour angle + star's r A— r a mean sun, 

the same as before ; and the same result may be obtained for any 
other positions of A, m, and x, with respect to each other. There- 
fore, when the body is east of meridian, 

Mean time = star's hour angle + star's R A— r a mean sun. 
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On drawing figures in a similar way for other cases both east 
and west of meridian (for which purpose future examples will 
furnish sufficient exercise) we arrive at the following convenient 
rule: 

Add the star's • right ascension to the hour angle taken from 
the table of haversines (remembering when the heavenly body is 
west of meridian to take that angle from the top, and when east 
from the bottom), and from the result (adding 24 hours if neces- 
sary) subtract the right ascension of the mean sun ; the remainder 
will be mean time required. 

6. Given the hour angle a Aquil8B = 2^ 37™ 23% star's right Examples 
ascension =19^ 43™ 52", and right ascension of mean sun=: 




9^' SI" 38* ; find ship mean time, and construct the figure ; star's 
declination=9° N. An$, Mean time=12^ 29™ 37". 

7. Given the hour angle of a Cygni=19*» 58™ 25% star's right 
ascension =20^' 36™ 36% and right ascension of mean sun=9^* 17™ 
7" ; find ship mean time, and construct the figure ; star's declina- 
tion=45** N. Ans. Mean time=7^ 17™ 54». 

8. Given the hour angle of fi Geininorum=22** 44™ 3% star's 
right ascension =7^ 36™ 35", and right ascension of mean sun =22^ 
34™ 43" ; find ship mean time, and construct the figure ; star's de- 
clination =28** N. Ans. Mean time=7*^ 45™ 55". 

To find mean tvme at the ship, having given the hour angle of Fraoticai 
a star. "*^® 

(1) Find the Greenwich date. 

(2) Take out the star's right ascension. 

(3) Take out also the sidereal time at the preceding Greenwich 
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mean noon, and correct it for Greenwich date, thus finding the 
right ascension of the mean sun. 

(4) To the star's hour angle add star's right ascension, and from 
the sum (increased if necessary by 24 hours) subtract the right 
ascension of the mean sun ; the result is ship mean time. 
HxampiM Feb. 10, at 9^ 22" p.m. mean time nearly, in long. 2V 15' W., 

the hour angle of Begulus (a Leonis) was 20*" 44°" 43" east of 
meridian. Required mean time at the ship. 

Ship, Feb. 10 O** 22« 

long, in time 1 49 W. Star's H. A 20^ 44« 43-0» 

Gr. Feb. 10 11 11 

B. A. mean sun. star's B. A 10 15'3 

Feb. 10, Sid. time ^t 

Gr. mean noon ...21»» 19"'46-0» 

cor. for IP 1 48-4 30 44 583 

„ 11« 1-8 R. A. mean sun 21 21 362 

R. A. mean sun •..21 21 362 .-. ship mean time 9 23 221 

9. Sept. 10, at 7*» 11" p.m. mean time nearly, in long. 32"* E., 
the hour angle of Arcturus (a Bootis) was 4*" 22" 15' west of 
meridian. Bequired mean time at the place. Ans. 7^ 14" lO*. 

10. Nov. 22, at 7** 15" p.m. mean time nearly, in long. 22° 0' 
W., the hour angle of Aldebaran (a Tauri) was 18^* 49" 40» east 
of meridian. Bequired mean time at the place. Ans. 7^ 12" 8*. 

11. June 23, at 4^ 15" a.m. mean time nearly, in long. 100** 
40' E., the hour angle of a Lyrae was 3^*42" 40» west of meridian. 
Bequired mean time at the place. Ans, 16** 11" 50'. 

Elements from ' Nautical Almanac.' 

Sid. Time at Mean Noon. Star's B. A. 

Sep. 10 11^ 17" 53-2" Arcturus 14^ 10" 38" 

Nov. 22 16 5 41-7 a Tauri 4 29 36 

June 22 6 2 287 o LyrsB 18 33 13 

NoTS.— The Greenwich date as found above is only approximate, and any error in 
it will produce an error in the correction applied to the B. A. mean sun ; but since in 
practice, at all observations for finding hour angles, the time is noted by a chronometer 
whose error on Greenwich time is known, the right ascension should be corrected for 
thi8 date, and the ship time only used to determine whether or not to add 12 hours to 
the time shown by chronometer. Or we may proceed as follows : 

To obtain mean time accurately, find Greenwich sidereal date « ship sid. time (or 
star's hour angle + star's right ascension) ± long, in time. 
-« « », m fG.M.T. of preceding transit) (Betardation) ,. .... 
Then8.M.T.= j ^f first ^t of Aries \ " |forO. S.D.f +««»P "d. tune. 

The practical rules given above are equally applicable to observations of the moon 
and planets after having corrected their right ascensions for Greenwich date. 
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The practical examples on finding hour angles from observa- 
tions of heavenly bodies will be given in the chapter on Longitude. 
The formula from which hour angles are caJculated is as 

follows: Notes on 

liour anflrles 
^ 7 COS Z X — COS P X COS P Z, n in>i nnnx 

Cos z p X or A= — -^ . (see fig. 104, page 202). 

smpxsmpz ^ ^ ^ 

Eeplacing the right-hand side of this equation by equivalent 

values of a the altitude, I the latitude, and d the declination, 

, sin a— sin I sin d 

cos h= = 3 . 

cos I cos d 

(1) When the observer is on the equator and 1=0 this becomes 

7 sin a 

cos h=: -,. 

cos a 

(2 ) When the declination of the heavenly body is it becomes 

^^^ , sin a 

cos /t= ^. 

cos I 

(3) When both latitude and declination equal it becomes 

cos h—sin a, 
and the hour angle is the complement of the altitude. 

Stabs and Moon passing Meridian. 
Given mean time or apparent time at a certain place ; to find 
what bright star will pass the meridian the next after that time ^ 
(fig. 109). 

Let A Q represent the equinoctial, p q the celestial meridian, 
and X a star passing the meridian. Then the right ascension of 
the meridian will at that instant be equal to the right ascension 
of the star, and, knowing the time at the place, we can determine 
the position of the mean sun with respect to the meridian, and 
that of the first point of Aries, since we also know the right ascen- 
sion of the mean sun from the Nautical Almanac. 

Let, therefore, m be the mean sun, a the first point of Aries. 
Then q m=mean time at the place, a m=: right ascension of mean 
sun, and a Q= right ascension of the star x 

= right ascension of the meridian. 
By the figure, AQ=AmH-mQ, 

or star's B a=ba mean sun + mean timers sidereal time; 

.'. sidereal time bright ascension of meridian. 

It appears from this, that in order to find how soon after a 

certain time a star passes the meridian, we have only to find 

sidereal time for the instant required, and this will be the right 

' By a bright star is to be understood one of the first or second magnitude. 

P 
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Bxample 



ascension of the meridian, and therefore of any heavenly body on 
the meridian. Then the star in the astronomical catalogue in the 
Nautical Almanac whose right ascension is the next greater will 
be the next to pass the meridian, and is therefore (if of sufficient 
magnitude to be readily seen) the one required. 

It will be also noticed that all stars whose right ascensions 
are greater than that of the meridian must be eastward of it, and 
all whose right ascensions are less, westward of it ; hence the 
stars near the meridian on either side will be easily recognised. 
Fio. 109. Fig. 110. 





12. Feb. 24, at 4^ 42" p.m. mean time nearly, in long. IW 
E. : find what bright star will pass the meridian the next after 
that date. 

Bight Ascension Mean Sun. 
Ship, Feb. 24 4» 42- Feb. 28, Sid. time Ship, Feb. 24 • 4^ 42- 0- 

at Gr. mean noon 22» 18- 9*0* 
long, in time 6 40 £. Cor. for 22^ . . 8 86*8 B. A. mean son 22 16 46 

2- . . 0*8 B. A. mend. 

B. A. M. S. = 22 



Gr., Feb. 23 22 2 



2 58 46 



16 461 

Let qaq' represent the celestial equator, p the pole, and 
Q p q' the celestial meridian (fig. 110). From q measure q in=A^ 
42™ ; then m is the mean sun. From m measure an arc in q' a= 
22^ 16^ 46»; then A is the first point of Aries, and the arc A Q is 
the right ascension of the meridian or sidereal time, and therefore 
the right ascension of any star on the meridian. 

BA of meridians: sidereal time=Qm— mA 

=mean time— (24^*— B a mean sun) 
= 2»^ 58°^ 

Looking into the ' Catalogue of the Mean Places * of Stars ' 
1 The ' Catalogue of Mean Places of stars ' is the most convenient to refer to for 
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{see Nautical Almanac or Inman's Tables, No. 23), we find the 
star whose right ascension is next greater than 2^ 58" and whose 
magnitude is sufficiently great to render it easily seen is a Persei, 
which is therefore the bright star that will come to the meridian 
the next after 4'' 42" p.m. on Feb. 24. 

If it is required to know what principal stars will pass a given 
meridian between any two given dates, we must proceed as above 
to find sidereal time at each date. Then all the stars in the cata- 
logue whose right ascensions lie between the sidereal times thus 
determined will pass the meridian above pole between the two 
given dates, and all whose right ascensions lie between those 
sidereal times increased by 12 sidereal hours will pass the meridian 
below pole between the given dates.^ 

13. Oct. 3, in long. 90° W., find what bright stars given in the Examples 
Nautical Almanac will pass the meridian between the hours of 
9 and 12 p.m. 

Ship, Oct. 3 9i^ 0" Ship, Oct. 3 12'' 0" 

long, in time 6 W. long, in time 6 W. 

Greenwich, Oct. 3 15 Greenwich, Oct. 3 18 

Bight ABcension Mean Sun. Bight Ascension Mean Sun. 

Oct. 3, Sid. time 

Gr. noon 12^ 48" 24» Oct. 3 12^ 48°» 24- 

corr. for 15^ 2 27 corr. for 18^ 2 57 



E. A. M. S. 12 50 51 E. A. M. S. 12 51 21 

ship, Oct. 3 9 ship, Oct. 3 1 2 

E. A. meridian... 21 50 51 E. A. meridian ... 51 21 

In the Catalogue of Stars those whose right ascensions lie 
between 21^ 50°^ 51» and 0^ 51™ 21" are from a Aquarii to 
7 Cassiopeise inclusive. 

14. What bright stars will pass the meridian of a ship in long. 
40*" E. between 8^ and 10^ p.m. mean time on Nov. 20 ? 

Ans, From a Andromedae to 7 Andromedae. 

15. What bright star will pass the meridian of a ship in long. 
30° W. the first after 10* 30°^ p.m. on Oct. 10 ? 

Ans, a Andromedse. 

16. What bright stars will pass the meridian of a ship in long. 
56° W., between the hours of 6 and 10 p.m. on March 10 ? 

Ans, From 7 Orionis to y8 Arg6s. 
this purpose, for which extreme aocuraoy is not generally required, the object being to 
ascertain some time in advance when observations shoald begin to be made ; in both 
the catalogues of mean and apparent places of stars, + denotes north and — south 
declination (see also Inman's Tables, No. 23). 

' Meridian passages above and below pole will be further described on page 229. 

p 2 
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Time of a 
star's 
meridian 
passage 



Example 



17* What bright stars will pass the meridian of Greenwich, 
between the hours of 7 and 9 p.m. mean time, on August 20 ? 

Arts. From rf Ophiuchi to a Lyras. 

18. What bright stars will pass the meridian of a ship in long. 
86° E., on Oct. 20, between the hours of 10 p.m. and midnight ? 

Ans. From a AndromedsB to a Eridani. 

19. What bright star will pass the meridian of Greenwich the 
first after 9^* p.m. on Sept. 12 ? Arts, a Cygni. 

Elements from * Nautical Almanac' 

Sid. Time at Mean Noon. Sid. time at Mean Noon. 

Nov. 20 IS^ 57'" 39- Aug. 20 9*» 54"" 56» 

Oct. 10 13 16 Oct. 20 13 56 26 

Mar. 10 23 12 17 Sept. 12 11 25 37 

To find at what time any star will pass a given meridian. 

This problem may be considered as the converse of the pre- 
ceding. 

Let X be the given star on the meridian p Q, A the first point 
of Aries, and m the mean sun (fig. 111). 

Then q ms=mean time required, 

A m=right ascension of the mean sun at that time, 
A Q= star's right ascension ; 
and by the figure, Q m = a q— a m, 

or mean time=star's r a— b a mean sun. 

From which expression the mean time of the star's transit may 
be found. This problem is so similar in character to the last 
that we may at once refer the reader to the following example, 
observing that for most practical purposes the time of meridian 
passage found by subtracting the sidereal time at nearest G. M, 
noon without correction from the E. A. of the star is sufficiently 
accurate, never being more than 2™ in error. 

At what time will Sirius pass the meridian of a place in long. 
68** 30' W. on Nov. 21 ? 



Star's R.A. + 24'' = 30»> 38" 
Sid. time at Gr. 
mean noon . . 15 57 

Bhip M.T. nearly 14 

ong. in time ... 4 

Gr., Nov. 20 



28- 



40 
34 



67 



B.A. Mean San. 
Nov. 20 (noon) IS*' 67" 26' 

corr. for 19»» . 3 7*3 

15" . 2-5 



Star's B.A. . 30^ 38- 23- 

BJl. mean san 16 36 
/.ship M.T. . 14 37 47 



BJ^. mean sun 16 368 



19 16 approximately 
Therefore the transit of Sirius is at 14*^ 37°^ 47" on Nov. 20, or 
at 2^ 37°» 47» A.M. on Nov. 21. 

To find at what time it will pass the meridian on the morning 



Digitized by 



Google 



MERIDIAN PASSAGES 



213 



of Nov. 20, we must evidently begin one day back, and take out 
the right ascension of the mean sun for Nov. 19. 

Note. — If greater accaraoy is required the E. A. mean sun should be reoorreoted for 
the more correct Greenwich mean time found from the more accurate ship mean time 
» 14'' S8<", or it may be obtained directly as follows : 

When the star is on the meridian it is evident that the ship sidereal time, or R. A. 
of the meridian, will be identical with the R. A. of the star ; hence on applying the 
longitude to this the Greenwich sidereal time is found. Then {see page 194) 



Accurate S.M.T. 
of star's transit 



(G. M. T. of preceding ] 
transit of first point r 
of Aries ^ 



Retardation for' 
Greenwich side- 
real time 



+ star's R. A. 



ExAXPLB. — ^Find accurately at what time Regulus will pass the meridian of Madras 
(long. 5^ 21» 8*8* E.) on Feb. 5. 

b m ■ h m ■ 

Star's R. A. or local sid. time 10 S3'86 Gr. M. T. of preceding 

longitude 5 21 8*80 £. transit of T Feb. 5 2 59 5*18 

G. 8. D. 4 89 5006 
Retardation for G. 8. D.— 
4'* 0- 89-82« 

89" 6 -89 

60-06- 14 



45-85 correction for retardation 

star's R. A. 
Local M. T. of star's mer. pass Feb. 5 



45-85 



2 58 19-83 
10 58-86 

T2 59 1319 



Fio. 111. 



20. At what time will a Pegasi pass the meridian of Ports- 
mouth, long. 1** 6' W., on Nov. 26 ? Ans. 6^ 38°^ 58« p.m. 

21. At what time will Eegulua 
(a Leonis) pass the meridian of 
Land's End, long. 5° 42' W., on 
May 30 ? Ans. 5^ 27°^ 45" p.m. 

22. At what time will Antares 
pass the meridian of Portsmouth, 
long. V & W., on Aug. 20 ? 

Ans, 6^ 24" 11» p.m. 

23. At what time will a Leonis 
pass the meridian of Lisbon, long. 
9° 8' W., on Nov. 2 ? 

Ans, 7^ 14~ 7" a.m. 

24. At what time will Antares 
pass the meridian of Copenhagen, 
long. 12° 35' E., on Feb. 3 ? 

Ans. 7^ 26"» 19« a.m. 

25. At what time will Fomalhaut pass the meridian of 
Calcutta, long. 88° 26' E., on Mar. 8? Ans. IV 44"» 40» a.m. 

26. Find at what time a Canis Majoris passed the meridian of 
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Greenwich ; the star's E. A. being 6^* 38" 52*2% and the right 
ascension of mean sun at Greenwich mean noon being ll'* 6" 2-3"- 
Construct the figure, to show the positions of the first point of 
Aries and the mean sun with respect to the meridian. 

Ans. 19»> 29« 38* nearly. 

27. Find at what time a AquilsB passed the meridian of Green- 
wich, having given the right ascension of the star=19*» 43™ 51-5% 
and the right ascension of the mean sun at Greenwich mean noon 
Oh Qm 40.4. ; and construct the figure. Ans, 19^ 33" 58«. 

28. Find at what time a Leonis will pass the meridian of 
Greenwich, when its right ascension is 10** 0" 49-76», and the 
right ascension of the mean sun at Greenwich mean noon = 
4^ 32" 4-68" ; and construct the figure^ Ans. 5^ 27" 51*. 

Elements from ' Nautical Almanac.* 

Sid. Time at Mean Noon. Right Aso. of Star. 

Nov. 25 16^ 17" 22» 22^ 57" 26« 

May 30 4 31 25 10 9 

Aug. 20 9 54 43 16 19 58 

Nov. 1 14 42 54 10 11 

Feb. 2 20 50 31 16 20 2 

Mar. 7 23 37 22 49 11 

Altitude of a Heavenly Body on the Meridian.* 
Praotioai To find the meridian altitude of a heavenly body, and also 

"^^ whether it will pass north or south of zenith. 

(1) Take out the declination. 

(2) Under the latitude of the place put the declination, giving 
them their proper names N. or S. 

(3) If the names are alike (both north or both south), take 
the difference and mark it with the common name of the latitude 
and declination, if the declination be greater than the latitude, 
otherwise with the contrary name. 

(4) If the names are unlike (one north and one south), take 
the sum and mark it with the name of the declination. 

(5) The result will be the meridian distance of the heavenly 
body from the zenith N. or S., according as the result was marked 
N. or S., and this subtracted from 90® will give the meridian 
altitude. 

' This problem is of use when determining the latitude by meridian altitude of a 
star (see p. 238) ; the sextant being set to the approximate altitude, found from the 
calculated altitude by applying refraction, dip, and index error with the signs 
reversed, and the horizon near the north or south point carefully swept when near ' 
the time of meridian passage. This greatly facilitates the identification of the star. 
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In latitude 26** N. will the following heavenly bodies pass the Example 
meridian north or south of the zenith, and what will then be 
their altitudes, their declinations being 10** N., 30° N., 10** S., and 
50** S. respectively ? 

(1) (2) (3) (4) 

lat. ... 25** N. ... lat. ... 25** N. ... lat. ... 25** N. ... lat. ... 25** N. 
d'ecL... 10 N. ... decL... 30 N. ... decl.... 10 S. ...decL... 50 S. 

diff. ... 15 S. diff. ... 5 N. ... sum... 35 S. sum ...75 S. 
90 90 90 90 

Alt. 75 Alt. 85 Alt. 55 Alt. 15 

29. At what time will a Columbse pass the meridian of a place 
in lat. 42** 20' S. and long. 54** 40' W. on May 10, and will it pass 
N. or S. of the zenith ? also, what will then be its altitude ? 

Ans, 2^ 19™ ; alt. 81** 49' N. of zenith. 

30. At what time will Sirius pass the meridian of a place in 
latitude 61** N. and long. 10** W. on March 16, and will it pass N. 
or S. of the zenith ? also, what will then be its altitude ? 

Ans. 7^> 0°" ; alt. 12** 28' S. of zenith. 

Elements from * Nautical Almanac* 
B. A. Mean Sun. Star's B. A. Star's Ded. 

May 10 3^ 13'" 52* 5'' 34"^ 25» 34** 9' 12" S. 

Mar. 16 23 37 10 6 39 16 3146 S. 

Altitude of a heavenly body off the meridian. 
Here, in the astronomical triangle lying between the pole, the 
zenith, and the given star, it is assumed that we know the colati- 
tude (90**— 0» t^e polar distance (90** ±d) of the star and its hour- 
angle (A) ; hence, two sides and the included angle being given, it 
is required to find the third side, or the body's zenith distance {z). 

By trigonometry vers 2^= vers (Z -f d)^ -f vers 
Where hav d=cos I cos d hav h. 

Example.— In latitude 41^ 17' N. what would be the altitude of a star whose 
declination was 15° 23' N. when its hour angle was ^^ 37°> ? 

I 41° 17' N. 
cos I 9-875904 d 15 23 N. 

cosd 9-984156 » _ d) 25~54 

hav /i 9-609007 ^ ' 

hav e 9-369066 ^g„ (^ _ ^j 0-100442 

e . 57° 51' 00" vers 6 467862 

ver8« 0*668304 
« 64° 26' 29" 

.-. true alt. ^ ~84~3i 

* -f when declination and latitude are of opposite names, and »^ when of like names. 
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NoTB. — ^AU the preceding roles relating to meridian passages of stars are eqnall j 
applicable to the planets, but, since their right ascensions and declinations are not 
invariable, these elements should be taken from the Nautical Almanac (Planetary 
Ephemerides at Mean Noon), and corrected for the Greenwich date (osnally by 
inspection) at time of obserration. 

The roles given apply to meridian passages above pole ; the lower transit of a 
star occors 12 sidereal hoars or 11^ 58" 2* mean solar time after the opper transit, 
and for any heavenly body it may be shown by drawing soitable figores that the 
mean time of meridian passage below pole = (12^ + K A. of the body) - B. A. mean 
Bon« 

The meridian altitode beiow pole is f oond by sobtracting the polar distance from 
the latitode. 

Moon's The time of the transit of any heavenly body can be found by 

vMw^iM^ means of the preceding rules ; but in the case of the moon the 
following method of finding the time of her passage over a given 
meridian may be generally used with advantage. 

The mean time of the moon's transit for every day at Green- 
wich, expressed in astronomical time, is given in the Nautical 
Almanac} At any place east of Greenwich, the time of transit, 
owing to the moon's motion to the eastward,^ must take place 
sooner (independent of the difference of time due to the difference 
of longitude), and to a place westward of Greenwich later, than 
the time recorded in the Nautical Almanac. Thus, if we suppose 
such daily motion to be 60 mmutes : to a place 90° east of Green- 
wich the transit will take place 6 hours earlier than that at Green- 
wich (on account of the difference of longitude) + ^ of 60°*, or 15 
minutes, due to the moon's motion to the eastward in the six hours 
before she reaches the meridian of Greenwich, such motion being 
supposed equable during the interval. To a place west of the 
first meridian, a retardation will take place for the same reason. 

Thus in fig. 112 if s represents the mean sun, and m^ m, two 
positions of the moon in her orbit round the earth, separated by 
an interval of one day, it is evident that to observers on a meridian 
of the earth p e, east of p g, the meridian of Greenwich, there 
will be a smaller interval between the sun's meridian passage and 
that of the moon than there will be at Greenwich, and to observers 
on a meridian p w, west of Greenwich, this interval will be greater , 
since the moon will have moved in the interval of the earth's 

> On page iv. of each month ttoo meridian passages are given, being the mean times 
of the opper and lower transits {see page 228). In all cases the it^sper transit is that 
to be employed, the times of lower transits being osefol (except in very high latitodes) 
chiefly for calcolations of tides. 

s By this, which is termed the daily retardation^ is to be onderstood the daily 
motion of the moon in her orbit round the earth compared with that of the mean 
sun, that is, the daily difference of their right ascensions, which causes the moon to 
arrive at any meridian later on each successive day. 
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rotatioii ; the mean velocity of the moon in her orbit is 2,280 
miles per hour, equivalent in arc to about her diameter. 

The moon's daily motion in E. A. compared with that of the 
sun varies between 40™ and 60™, this variable rate of motion being 
caused, as in the case of the sun, by the inclination of the moon's 
orbit to the equinoctial, 
combined with her vari- ^^' 

able velocity in that orbit, 
so that it is not difficult 
to construct a small table 
of the correction of the 
transits given in the 
Nautical Almanac for any 
given longitude : this has 
accordingly been done, and 
may be found in Inman's 
Tables (No. 33). 

The moon's daily mo- 
tion used should be that 
found by taking the diffe- 
rence between the two 
transits (upper) at Green- 
wich that happen before and after the one at the place : that is, if 
the place be in west longitude, the difference should be taken 
between the transit on the given day and the one following ; if 
in east longitude, that on the given day and the one preceding. 
By observing this rule, the error arising from the unequal motion 
of the moon in B. A. is diminished. 

Two examples of finding the time at Greenwich at the transit 
of the moon over a given meridian will show the use of the table. 

On April 27, required the approximate Greenwich mean time 
at the transit of the moon over the meridian of a place in longi- 
tude 50^ W. 

By Nautical Almanac, mer. pass, (upper) on 27th. 
„ „ on 28th. 

correction from table. 

.'. time of transit at place. 

long, in time... 3 

.•. Greenwich mean time of transit at place.. .15 
On April 27, required the approximate Greenwich mean time 




IP 


46-3» 


,12 


320 




45-7 




6-3 + 


11 


52-6 


3 


200 W. 


15 


12-6 
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at the transit of the moon over the meridian of a place in longi- 
tude 50° E. 

By Nautical Almanac, mer. pass, on 27th.. .11^ 46*3™ 

on 26th.. .11 2-7 



43-6 
correction... 6 0— 



«*. time of transit at place... 11 40*3 

long, in time... 3 200 E. 

^. Greenwich mean time of transit at place... 8 203 

Beqnired the ship mean time of the moon's meridian passage 
on July 19 (astronomical day), in longitude 60** W., and on July 27 
(astronomical day), in longitude 176° E., having given the following 
elements from the Nautical Almanac : 

Gr. mer. pass, on July 19 11'^ 243°' July 27 17^ 301" 

„ 20 12 19-2 „ 26 16 49-6 

Ans. Mer. pass, atplaceon July 19atlP 33-3°* 

July27atl7 lll=July28at5m-l'»A.M. 

The construction of the above-mentioned table may be ex- 
plained as follows : 

Let the moon's motion to the eastward in 24 hours =d. 

A meridian, as that of Greenwich, describes in that time one 
complete revolution, or 360°. 

Let the longitude of some given place =D°, and the motion of 
the moon for d°, expressed in time, = a;. 

Then 360° : D° :: d: a: (supposing the moon's motion equable 
during the interval considered), 

or a; = - x a. 
360° 

By assuming different values for d° and d, the correction x 
may be easily calculated, and a table formed of the results. 
Example Given the daily motion of the moon=45-7™ ; required the 

correction of the meridian passage in the Nautical Almanac for a 
place in longitude 50° W. 

D=50° D° xd-^°x45-7-6-3» 

d=45-7 "^-360-° "" "^ -360 "" *^ ^"^ ^ ' 

The times of meridian passages of planets may be found by a 
method similar to that given for the moon. 

The times of these meridian passages at Greenwich are given 
in the Nautical Almanac, and the ship times of passage over any 
other meridians will differ from these by the amount of relative 
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change of right ascension as compared with that of the mean smi 
in the interval corresponding to the longitude. 

It will, however, be remarked that the apparent movements of 
the planets are snch that their right ascensions sometimes increase 
and sometimes decrease, while that of the mean sun constantly 
increases, and therefore the correction must sometimes be applied 
in an opposite way to that given in the examples on the moon. 

The moon is not so frequently observed as the other heavenly 
bodies, partly on account of the numerous corrections which have 
to be applied, owing to her being the nearest to the earth, but 
principally on account of the uncertainty with regard to the 
position of the horizon at night. In all cases, since the declination 
and right ascension of the moon change very rapidly, the time at 
which any observation is made is taken by a chronometer whose 
error on G. M. T. is approximately known. 

The preceding method becomes more accurate by substituting 
for the average motion of the moon its real hourly motion in 
right ascension given in the Nautical Almanac in the table of 
Moon Culminating Stars. 

As the length of the lunar day exceeds that of the solar day 
by intervals varying from 40 to 60 minutes (averaging 48 minutes), 
there must be days in each month when the moon does not cross 
the meridian at both upper and lower transits ; thus at new moon 
an upper transit is missed and at full moon a lower transit. 

In the case of the moon the interval between the sun's cross- 
ing any meridian and the moon's doing so is always increasing, 
but, since with the planets such an interval is sometimes in- 
creasing and sometimes decreasing, the phenomenon of two upper 
or two lower transits in one day sometimes occurs. 

To find the mean time of the moon's meridian passage, 
accurately. 

The formula which we have employed in determining the 
time of a star's transit over the meridian is not applicable to the 
accurate finding of the time of the moon's meridian passage, because 
a, which represents the right ascension of the heavenly body when 
T was on the meridian of Greenwich (which is the starting-point 
of the calculation), does not remain constant. The problem 
must therefore be attacked in another manner. 

Let a be the right ascension of the mean sun at the moment 
of its preceding transit over the meridian of the observer (that is, 
at the moment of local mean noon), and let a' be the corresponding 
right ascension of the moon at the same instant. The longitude 
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of the place being known, both these elements can be ascertained 
from the tables in the Nautical Almanac, 

Then a' -- a represents the difference of right ascension of the 
two bodies at the preceding mean noon at the place, and is the 
angle through which the meridian must revolve from west to east 
to overtake the moon. 

Let A a and A a' represent respectively the change of right 
ascension of the sun and moon in one mean solar hour; the 
former being therefore the acceleration for one hour, or 9*8565'. 

If the moon remained stationary, at the end of one mean solar 
hour the meridian would have advanced towards the moon 
through an angle expressed in time equal to 3600" — A a ; but 
meanwhile, owing to her motion, the moon would also have 
advanced to the eastward through an angle equal to A a', and the 
angle still to be described by the meridian before overtaking the 
moon would have been increased by that quantity. The effect 
would be the same as if the original angle to be described by the 
meridian (a' — a) had been increased by a quantity equal to 
(A a' — Aa) ; or as if the portion of the angle (a' — a) described 
by the revolving meridian in one mean solar hour were only 
(SeOO" — (Aa' — Aa)), this expression representing the relative 
hourly velocity of the meridian in overtaking the moon. 

This condition holding good throughout the whole interval 
between the meridian transits of the two bodies, it follows that 
the whole time (T) that elapses is given by the expression — 

_/ 
T = 



3600-(Aa'-Aa) 



Or T= "-^ 



3609-86 -A a' 

And the starting-point of the calculation being mean noon at the 
place, T is therefore the local mean time of the moon's meridian 
passage. 

Example. — Find accurately the time of the moon's meridian passage at a place in 
long. 40° 46' W., on May 2. 

h n 

May 2 S. M. T. Whence we obtain from the NauHccd Almanac : 



Long. . . 2 43 W. 



h m • 



G. M. T., May 2 Moon's R. A., o' 6 60 41-86 

at mean noon 2 43 Sun's a 2 40 44-28 

3609-86- o' - o 4 9 67-08 

A a' 181-88» or 14997-08- 



8477-98 



A a' not being constant, should be taken out for the middle of the interval between 
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Then T= — ~~ In logs 4-176008 

8609-86- A «' 3-541327 

14997-08 0*634681 



3477-98 
= 4-3120'' 4-8120*' 

= 4^ 18- 48-3« 

The mean time of the moon's meridian passage at the place. 

Some of the many very complicated movements of the moon Motions of 
with regard to the earth may be understood from the following **^® ™^®^ 
general description. 

The orbit (in relation to the earth) is an elHpse having our 
globe in one focus, and whose plane is inclined to that of the 
ecliptic at a mean angle of 5^ 8' in such a manner that to an 
observer in both hemispheres the full moon is low in summer and 
high in winter ; the distances of the moon from the earth varies 
from 221,614 to 252,972 miles. The positions of the points 
where the moon is seen to pass from one side of the ecliptic to 
the other (nodes) are not fixed, but shift so as to describe a 
complete circle in about 18} years in a direction the same as the 
movement of the hands of a watch, during which time the moon 
will have apparently covered every star situated within 5** 8' north 
and south of the ecliptic. 

If a line be drawn connecting the positions of the moon when 
neairest to and farthest from the earth (perigee and apogee), such 
a line makes a complete revolution in about 9^ years in a direction 
opposite to that in which the hands of a watch move. 

Effects op Change of Ship's Position on (1) Altitude 
AND (2) Time. 

In many practical problems in nautical astronomy the results 
are obtained by combining observations taken from a ship at two 
or more positions several miles apart ; as the object is generally to 
determine the result (whether for latitude, longitude, or time) 
corresponding to the latest position occupied by the ship, the 
usual practice is to apply to the first observation such corrections 
as would enable the observer to consider both observations as taken 
from the second position.^ 

the meridian passage of the sun and the approximate meridian passage of the moon 
at the place. 

> This correction was first considered by Pacio Duillier in 1728. By using the angle 
between the second bearing and the course reversed, a correction is found which, 
applied to the second altitude, will reduce both observations to the place of first 
sights. The sign of this correction is of course opposite to that considered in the 
text. See also page 387. 
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Correction 
in altitude 
for run 



Fig. 113. Fia. 114. 




The zenith of the observer will evidently move with the move- 
ment of the ship, and describe an arc on the celestial concave 
precisely similar to that described on the surface of the sea by the 
ship. 

A change in the position of the zenith involves generally a 
change in the zenith distance of the object observed ; also, if that 
object is the sun, it generally involves a change in the ship time, 
which depends on the angular distance of 
the sun from the meridian passing through 
that zenith, and similarly with other heavenly 
bodies a change in their hour angles. 

To consider first the effect of a movement 
of the ship on the zenith distance (or alti- 
tude) of the same heavenly body, known 
technically as the * correction for run,' let z 
be the zenith of the ship at the first observa- 
tion, Zi its zenith at the second observation, 
z M representing a portion of the celestial 
meridian; then arc z z^ measures the distance run in the 
interval. Let s be the place of the heavenly body at the first 
observation : with centre s at distance s z^ describe an arc cutting 
8 z (fig. 113) or s z produced in D (fig. 114) ; then the triangle 
z Zj B, being small, may be considered as a right-angled plane 
triangle,^ and z D is the correction to be applied to z s in order to 
find Zi s the distance of s from the zenith at the second obse]> 
vation. 

Now z D=z Zi cos Zi z s= distance run x cos angle between 
the direction of the ship's run and the bearing of the body 
(observed by compass or taken from the azimuth tables) at the 
first observation. 

This correction z d may be readily found by means of the 
traverse table, for since diff. lat.=dist. cos course; if therefore in 
triangle z Zj D the angle z z^ D be considered as the course, and 
z Zi the distance, the correction z d for run expressed in minutes 
of arc will correspond in the traverse table to the difference of 
latitude. 

The angle z^ z D is the difference between the course of the 
ship in the interval and the bearing of the body, when the run of 

* The true expression for correction for run, considering the various arcs as 
forming spherical triangles, and the rhumb line having been turned into the corre 
spending great circle track, becomes corr. = z Zj cos Zj z s — J z z,* cot s z sin'*^ z, z s sin 1" ; 
hence it is seen that practically with a run between the times of observation of even 50 
miles, the error involved by considering the triangle Z| z d plane (that is, neglecting 
the second term of the expression for the corr.) is always very small. 
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the ship has been towards the place of the body, as in fig. 113 ; 
and the supplement of this angle when the direction of the ship's 
run has been /rom the place of the body, as in fig- 114. In the 
former case it is manifest that the correction z d for run must be 
added to the first observed altitude, and in the second subtracted, 
in order to make the altitude of the body the same as it would 
have been if it had been also observed at the place of the ship at 
the second observation. 

From this it will be seen that if the course of the ship between 
two observations is directly towards or directly from the object as 
seen at the first position, the altitude at the second place of obser- 
vation would have been greater or less than that actually observed 
at the first place by a number of minutes equal to the number of 
nautical miles run in the interval, also that if the course is at right 
angles to the first bearing of the object the altitude would be the 
same at both places. 

(1) Enter the traverse table with the distance run as a distance. Practical 
and the angle (supposed less than 90°, or 8 points) between the '^^ 
bearing of the heavenly body at the first observation and course 

of the ship, as a course, and take out the corresponding diff, lat, 
which add to the first true altitude (the tenths in the diflf. lat. being 
turned into seconds by multiplying them by 60) ; the result will 
be the altitude corrected for run. 

(2) But if the above angle be greater than 8 points or 90° 
subtract the same from 16 points, or 180°, and look out the 
remainder as a course, subtracting the diff. lat. corresponding 
thereto from the first true latitude ; the result will be the altitude 
corrected for run. 

If the vessel changes course between the observations the 
angle between the true or magnetic bearing of the heavenly body 
at the first position and the true or magnetic coufse and distance 
made good should be employed ; if the course is unaltered the 
difference between the compass course and compass bearing will 
give the desired angle, since both course and bearing are affected 
by the same deviation. 

31. The compass course of the ship was N. 50° W. 10 miles. Examples 
and bearing by compass of the sun S. 79° E. Eequired the 
correction for the first altitude for run. 

The angle between N. 50° W. and S. 79° E. is 151° ; subtract 
151° from 180° ; and enter traverse table with the remainder, 
namely, 29° as a course and 10 miles as a distance : the corre- 
sponding diff. lat. is 8-8' =8' 48" to be subtracted from the true 
altitude. 
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in time for 
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Examples 



32. The compass course of the ship was E.N.E. 25 miles, and 
bearing by compass of the sun E. by S. Eequired the correction 
of the first altitude for run. 

The angle between E.N.E. and E. by S. is 3 points ; entering 
traverse table with 3 points as a course, and 25 miles as a distance, 
the corresponding diff. lat. = 208' = 20' 48" to be added to the 
true altitude. 

33. The true course of the ship was S. 50** W. 16 miles, and 
the true bearing of the sun S. 17® E. Eequired the correction of 
the first altitude for run. Ans. +5' 42". 

34. The true course of the ship was W.JN. 19 miles, and the 
true bearing of the sun was S. by E.JE. Bequired the correction 
for run. Ans. —7' 18". 

The effect of change of position on ship time will be under- 
stood by considering that a vessel steering to the eastward is 
constantly meeting the sun, and on completely circumnavigating 
the globe will have gained a whole day, while if proceeding west- 
ward such a voyage will entail losing a whole day.^ On reference 
to fig. 95, page 180, it will be seen that the vessel's speed to the 
eastward produces the same effect to an observer on board as if 
the earth turned on its axis more rapidly — that is, it makes the 
days shorter — while the opposite effect is produced by a ship 
steering to the westward. The difference in the length of day is 
equal to the difference of longitude in time made good. 

Apparent time is that kept by clocks and watches on board 
ships at sea, the correction for difference of longitude being usually 
made at noon each day ; one watch is usually kept correctly 
adjusted to Greenwich mean time so as to quickly ascertain the 
ship apparent or mean time, for convenience in taking observations 
depending directly on that time. 

The following examples illustrate this part of the subject : 

From observations at 8 a.m. a chronometer is found to be 
jh 22°* 15* fast on ship app. time, and the run to the eastward 
from then till noon changes the longitude 65'. What is then the 
error on ship apparent time ? 

Expressed in time 65' of longitude =4" 20", by which amount 
the local time at the ship's second position is later than that at 



* That is to say, the sun will have crossed the meridian once more or once less 
frequently than if she had remained stationary. It is customary to make the change 
of date when crossing the 180th meridian ; thus a vessel crossing this meridian from 
the eastward skips a day : if it is Monday forenoon when it is reached, it becomes 
Tuesday forenoon immediately it is crossed ; and similarly if crossing from the west- 
ward the same day is counted twice. 
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the first position (see fig. 95, page 180) ; hence the chronometer 
will be less fast and at apparent noon will show 1^ 17™ 55*. Had 
the chronometer been 1** 22" 15» slow on apparent time at the first 
place, it would have been less fast (=more slow) at the second 
place, where the error would have been 1** 26™ 35' slow.^ 

From observations at 8'40 a.m. a chronometer was found to be 
2h 17m 5* f^( Qj^ gjup apparent time, from which time a run to 
the westward was made until noon, which changed the longitude 
78'. What was then the error on ship apparent time ? 

Expressed in time 73' of longitude = 4™ 52% by which amount 
the local time at the second position is earlier than that at the 
first position {se€*&g. 95, page 180) ; hence the chronometer will 
be more fast, and at apparent noon will show 2*^ 21™ 57'. 

Had the chronometer been originally 2** 17™ 5» slow on apparent 
time, it would have been more fast (sless slow) at the second 
place, where the error would have been 2^ 12™ 13' slow. 

Hence on proceeding eastward a chronometer which is fast on 
ship time becomes less fast, and if slow more slow, by the di£Eer- 
ence of longitude expressed in time. 

Also if proceeding westward a chronometer which is fast 
becomes more fast, and if slow less slow on ship time.' 

35. In latitude 50"^ N. a watch is found from observations at szampies 
8 A.M. to be 2^ 4™ 20" slow on ship apparent time. Bequired the 

error at 11 a.m., the run in the interval being S.E. (true) 42 miles. 

Arts. 2^ 7™ 22* slow. 

36. In latitude 40"* S. a watch at 9 a.m. was found to be 
jh 2» 27' fast on ship apparent time. Eequired the error at 
2 P.M., having run N.W. by W. (true) 52 miles during the interval. 

Ans. V 6™ 14» fast. 

37. In latitude 35** N. at 8 a.m. the error of a watch on ship 
apparent time was 1** 19™ 34' fast. Bequired the error at 11** 30™ 
A.M., having run 8. 48** E. by compass (var. 12*" E.) 35 miles 
during the interval (for deviation, see page 21). 

Ans. V" 18™ 33» fast. 
On considering the preceding method of finding the error of a JBrror on 
watch at any instant on apparent time (and therefore finding the tSe'*^* 
sun's hour angle), it is to be remarked that this hour angle is often 
required to be known when the sun is so situated that it cannot 
be obtained from direct observation of the sun's altitude at the 

> Theoretically the proportional part of the rate of ohronometer due to the absolote 
interral of time elapsed should also be applied, hot unless this rate is very large it is 
not onstomary to do so. 

* The error on Oreenwieh time is not affected by change of longitude. 

Q 
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time {see page 208) ; in these cases it is calculated, as in the 
preceding examples, from the latest good determination by observa- 
tion, the error involved being that of the dead reckoning during 
the elapsed time. When, however, circumstances of cloudy 
weather have prevented any such recent determination the hoar 
angle is found from the assumed longitude and known Greenwich 
time (given by chronometer) as follows : 

In longitude by dead reckoning eO"* W. at the instant when 
the Greenwich mean time (found by applying the known error to 
the time shown by chronometer) is 8^ 50" 10* the local or ship 
mean time is evidently f^=s4 hours earlier (see fig. 95, page 180), 
, and therefore the ship (astronomical) mean time is 23^ 50" 10* ; 
on applying to this the equation of time, ship apparent time or 
the sun's hour angle is found. 

Similarly in longitude by dead reckoning 60"" E., when the 
Greenwich mean time is known to be 20^ 12" 10" the local or ship 
mean time is 4 hours later, and therefore 0^ 12" 10" ; on applying 
to this the equation of time, the ship apparent time or the son's 
hour angle is found as before. 
Examples 38. In longitude by dead reckoning 24^ 10' W., when a 

chronometer showed l'^ 19" 28*, required the sun's hour angle. 

Error of chronometer on Greenwich mean time 1" 24* fast ; 
equation of time 7" 15* subtract from mean time. 

Ans. 23>' 34" 9*. 

89. In longitude by dead reckoning 34"" 15' E., when a chrono- 
meter showed 4^ 17" 10*, required the sun's hour angle. 

Error of chronometer on Greenwich mean time l'^ 2" 7* slow ; 
equation of time 12" 13^ add to mean time. Ans. 7^ 48" 30*. 
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CHAPTER IX. 

Latitade — Meridian altitudes of the sod, moon, and stars above and below pole— Alti- 
tades near meridian above pole — Delambre's method — Pole-star— DonUe altitodes 
of snn and stars — ^Douwes's method — Three altitudes at eqnal intervals of time 
apart— Combined altitudes. 

The latitude of any place on the earth (considered as a sphere ^) Deflnitions 
is measured from the terrestrial equator, either as the length of 
an arc of a meridian or as the angle subtended by that arc at the 
centre of the earth. 




From the latter point of view the latitude of a place is equal 
to the declination of the zenith. 

Thus if A be a place on the earth whose zenith is z, and if 
TEQ represent the plane of the equator, the latitude of A is measured 
by the arc a q or the angle a e q subtended by that arc at B, the 
centre of the earth ; this angle is also evidently measured by the 
arc z D on the celestial concave, which being the angular distance 

■ The various errors in the problems of nautical astronomy oocasioned by consider- 
ing the earth to be a sphere instead of a spheroid will be dealt with in Chapter XIIL 

4 2 
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of the zenith from the egoinoctial c B D is by definition its 
declination. 

That this is equal to the altitude of the celestial pole p is seen 
by drawing n a s to represent the plane of the horizon of A, and 
therefore at right angles to z a, when, since z n and p d are each 
equal to 90^, they are equal to one another. 

If from these equals the common part p z be taken away, the 
remainder p n, or altitude of the pole, equals the remainder z D, 
or the latitude. 

The fact of the altitude of the pole being equal to the latitude 
of the observer would, if the position of the pole were marked by 
a star, suggest a very easy mode of finding the latitude by simply 
measuring that altitude ; although neither pole is thus marked in 
the heavens, yet near the north pole in a conspicuous star from 
the altitude of which at any time of night the altitude of the 
pole may readily be found. This mode of proceeding has been 
practised from the earliest times.^ 

Finding the latitude of a place is therefore ascertaining by 
astronomical observations either the declination of the zenith or 
the altitude of the pole. There are several methods of finding 
these elements, of which we shall first give that most frequently 
employed, which is to find the distance of the zenith from some 
heavenly body whose declination is known when that body is on 
the meridian of the observer, this zenith distance being found by 
observing the altitude and subtracting it from QO"". By the 
rotation of the earth every heavenly body apparently describes a 
circle or parallel of declination round the elevated pole, and there- 
fore crosses each meridian twice. 

These passages across the meridian are termed culminations 
or transits, that which occurs below the pole being the lower 
culmination or inferior transit, and that above the pole the upper 
culmination or superior transit. 

The circumstances which determine whether for any {particular 
place and particular heavenly body it will cross the meridian above 
the horizon once or ttoice will be seen from the following figures : 

Let NWSB represent the horizon, p the pole, and z the zenith ; 
then N z s is the celestial meridian. Let x^ cxd be a parallel 
of declination described by the heavenly body about the pole p 

(fig. 116). 

Then if p x^ (the polar distance of the heavenly body) is less 
than p N (equal to the latitude of the observer) that body will be 
on the meridian above the horizon ttoice, once at x, when it is 

* It is given in the earliest treatises on navigation. 
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said to pass above pole, and again at x^, termed meridian passage 
below pole ; ^ such a body is always above the horizon, and said 
to be circumpolar. If the polar distance of another body is greater 
than p N (fig. 117) during part of its daily path it will be below 
the horizon and invisible, only the meridian passage above pole 
being seen. 

From the foregoing it will be seen that at either pole (where 
z and p are coincident) the stars which are visible neither rise nor 
set, but describe circles round the zenith ; also that at the equator, 
where both poles are on the horizon, no heavenly body can be 
observed below pole. 




Pio, 117. 


^-— 


i 


/ ^ 


^ 


tx 


A 


K:^ 




VZ 


r^ 



In considering those bodies whose declinations change (as, for 
instance, the sun), since at its nearest approach to the north pole 
on June 21 its polar distance is G^"" 33', the north latitude of an 
observer must be in excess of that in order to see the sun cross 
the meridian below pole, while at its nearest approach to the south 
pole on December 21 the latitude of an observer must be greater 
than 66"* 33' south in order to observe a meridian passage below 
the south pole. 

The moon's polar distance may be 5^ 8' less than that of the 
8un, so that the equatorial limits of latitude, where a meridian 
passage of the moon may be visible below pole, are 61^ 25' north 
or south. 

* If a star, the interval between these meridian passages will be 12 sidereal hours 
or 11" 58" 2* mean solar hours ; if the sun, it will be 12 apparent solar hoars ; and if 
the moon, the interval wiU average 12>' 24" mean solar time. 
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Latitude by Meridian Altitude above Pole. 

ThMOTT Given the meridian altitude of a heavenly body above the pole, 

its declination, and the bearing of the zenith from the body, to 
find the latitude. 

There are three cases. 

1. Declination and zenith bearing of the same name. 

2. Declination and zenith bearing of different names, and the 
deolination greater than the zenith distance. 

3. Declination and zenith bearing of different names, and the 
declination less than the zenith distance. 

In each of the following figures 118, 119, 120 : 

Let N w s E represent the horizon. 

N z s „ the celestial meridian, 

w z £ „ the prime vertical. 

Take z x=:zenith distance of the heavenly body, equal to 
the complement of the altitude. 
Q x=the declination of the body. 

Then the great circle w q E is the equinoctial, and z Q is the 
latitude required. 

(Fig. 118) zQ=zx+QX. (Fig. 119) zq=qx-.zx. (Fig. 
120) ZQ=zx— QX. (1) Lat. (N)=zen. dist. (N)+decl. (n). (2> 
Lat. (N)=decl. (n)— zen. dist. (s). Lat. (N)=:zen. dist. (n)— 
decl. (s). 

Hence the rule. 




When the declination and zenith bearing are of the same 
name, take the sum — which will be the latitude, and of the same 
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name. When the declination and zenith bearing are of different 
names take the difference ; this will be the latitude, and of the 
name of the greater. 

When the declination is the zenith distance equals the 




latitude, and when the zenith distance is the declination equals 
the latitude. 

When the sun, or any heavenly body, is crossing the meridian 
very nearly in the zenith of the observer, and it is doubtful whether 



Fig. 121. 



W 



/ P \ 

/ 



it will cross north or south of him, it is advisable to note by com- 
pass the position on the horizon of the true north or south point, 
and observe either the altitude or its supplement. 

Given the meridian altitude of a heavenly body =56** 10' 15", Examples 
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zenith north of the body, and its declination ==15'' 22' 10" N. ; 
construct a figure, and find by calculation the latitude. 

Let N w s £ (fig. 121) represent the horizon, N z s the celestial 
meridian, and w z B the prime vertical. Take s x=56** IC 15", 
and X Q=:15'' 22' 10", and through q draw the great circle w q b ; 
then w Q B represents the equinoctial, and z Q= latitude required. 

By the figure, z Qs=z x+x Qsmerid. zen. dist. + decl. 



Calculation. 



SX: 



90^ 
=56 10' 



15" 



z x=:83 49 
XQ»15 22 



45 
10 



.-. z Q=lat.=49 11 55 N. 

Given the meridian altitude of a heavenly body ss 72'' 42' 15", 
zenith south of the body, and its declination=:47^ 32' 14" N. ; 
construct a figure, and find by calculation the latitude (fig. 122). 




Let N w s E represent the horizon, N z s the celestial meridian, 
and w z B the prime vertical. Take N x=72** 42' 15", and x Q= 
47^ 32' 14", and through q draw the great circle w q b ; then 
w Q B represents the equinoctial, and z q=: latitude required. 

By the figure, z Q=x q— x z, 

or latitude smer. zen. dist.— decl. 



Digitized by 



Google 



LATITUDE BY MEELDIAN ALTITUDB 233 



Calculation. 



90° 
N x=72 42' 15" 



X z=17 17 45 
XQ= 47 32 14 

.-. ZQ=lat. = 30 14 29 N. 
Latitude by Meridian Altitude of the Sun. 

1. On April 27, in long. 87"* 42' W., the observed meridian SxampiM 
altitude of the sun's lower limb was 48'' 42' 30" (zenith north), 

the index correction was +1' 42", and the height of the eye above 
the sea 18 feet. Bequired the latitude. 

Ship app. time, Apr. 27 O'' 0» Son's deol. (at app. noon). Obs. alt 48^' 42' 80" 
long, in time 5 51 W. Apr. 27 18<> 48' 68" N. index oorr. 1 42 + 

Ot. app. time, Apr. 27 6 51 corr. ... 4 86 48 44 12 

or 5-8^ 18 48 29 dip 4 11- 

var. in P 48 40 I 

47-64 corr. in alt. 46— 

hours from noon 5-8 48 89 15 

88112 semi 15 55 + 

28820 true alt.... 48 55 10 

276^2 = 4' 36" 90 

zen.di8t... 41 4~6() N. 

deoL 13 48 29 N. 

lat 54 58 19 N. 

NoTB.— When a vessel is steaming at a high speed on courses near North or 
South true, there is a sensible difference between the meridian altitude and the 
maximum altitude. In these oases it is advisable to calculate what a watch will show 
at ship apparent noon, and observe at that instant {see page 861). 

2. June 10, in long. 23** 40' E., the observed meridian altitude 
of the sun's lower limb was 36^ 10' 30" (Z. N.), index correction 
+ 4' 5", height of eye 24 feet. Bequired the latitude. 

Am. 76** 37' 45" N. 

3. August 7, in long. 62° 11' E., the observed meridian altitude 
of sun's upper limb was 41** 49' 50" (Z. N.), the index correction 
—3' 15", height of eye 12 feet. Kequired the latitude. 

Ans. 65° 0' 22" N. 

4. May 3, in long. 14° 20' W., the observed meridian altitude 
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of sun's upper limb was 15*" 6' 10" (Z. 8.), index correction 
—1' 15", height of eye 20 feet. Required the latitude. 

Ans. 59^ 34' 14" S. 

5. July 17, in long. 72** 30' E., the observed meridian altitude 
of sun's upper limb was 26** 18' 50" (Z. N.), index correction 
+ 2' 10", height of eye 25 feet. Required the latitude. 

Ans. 85** 15' 16" N. 

6. March 3, 1884, in long. 38** 15' W., the observed meridian 
altitude of the sun's L. L. was 38** 10' 15" (zenith N. of the 
sun), the index correction was —2' 30", and the height of the eye 
above the sea 22 feet. Required the latitude. Ans. 45** 12' N. 

7. May 7, 1884, in long. 31** 15' W., the observed meridian 
altitude of the sun's L. L. was 67'' 40' 20" (zenith N. of the son), 
the index correction was + 1' 45", and the height of the eye above 
the sea 23 feet. Required the latitude. Ans. 39** V N. 

8. July 11, 1884, in long. 37** W., the observed meridian alti- 
tude of tiie sun's L. L. was 68** 23' 30" (zenith N. of the sun), the 
index correction was +2' 10", and the height of the eye above the 
sea 24 feet. Required the latitude. Ans. 43** 25' N. 

9. October 13, 1884, in long. 15*^ 40' E., the observed meridian 
altitude of the sun's L. L. was 47** 5' 20" (zenith N. of the sun), 
the index correction was —1' 35", and the height of the eye above 
the sea 20 feet. Required the latitude. Ans. 34** 44' N. 

10. December 13, 1884, in long. 22** W., the observed meri- 
dian altitude of the sun's L. L. was 29** 47' 10" (zenith N. of the 
sun), the index correction was —3' 15", and the height of the eye 
above the sea was 23 feet. Required the latitude. 

Ans. 36^ 53' K. 

11. February 9, 1885, in long. 21** 30' W., the observed 
meridian altitude of the sun's L. L. wa.8 35** 11' 20" (zenith N. of 
the sun), the index correction was —2' 10", and the height of the 
eye above the sea was 18 feet. Required the latitude. 

Ans. 40** 10' N. 

12. May 17, 1885, in long. 27** 30' W., the observed meridian 
altitude of the sun's L. L. was 48^ 30' 20" (zenith N. of the sun), 
the index correction was —2' 40", and the height of the eye 
above the sea was 18 feet. Required the latitude. 

Ans. 60** 48' N. 

13. July 14, 1885, in long. 14** 50' E., the observed meridian 
altitude of the sun's L. L. was 39*" 58' 30" (zenith S. of the sun), 
the index correction was —1' 40", and the height of the eye 
above the sea was 18 feet. Required the latitude. 

Ans. 28** 14' S. 
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14. October 17, 1885, in long. 81*" 27' W., the observed meri- 
dian altitude of the sun's L. L. was 52** 11' 10" (zenith S. of the 
sun), the index correction was +1' 15", and the height of the eye 
above the sea was 18 feet. Bequired the latitude. 

Arts. 4r 6' S. 

15. October 9, in long. 19** 20' W., the observed meridian 
altitude of the sun's lower limb was 22*" 20' 30" (Z. S.), index 
correction —2' 10", height of eye 20 feet. Bequired the latitude. 

Ans. 73** 53' 28" S. 

Elements from * Nautical Almaruic.* 





Sun 


l's Deolination. 


Vm. in 1 Hour. 


Son's Semi. 


June 10 ... 


... 23° 

...16 


2' 
24 


13" N 

K 


12-37" incr 


15' 46 " 


Aog. 7 ... 


41-40 deer 


16 48 


May 3... 


...15 


43 


50 N 


43-98 incr.... 


15 53 


Jtdy 17 ... 


.. 21 


11 


16 N 


24-69 deer. ... 


15 46 


Mar. 3 ... 


••• 6 


32 


30 S , 


57-65 deer.... 


16 10 


May 7 ... 


...17 





10 N 


40-91 incr. ... 


16 53 


July 11 ... 


...22 


1 


56 N , 


20-51 deer. ... 


15 46 


Oct. 13... 


... 8 


1 


60 S 


55-97 incr. ... 


16 4 


Dec. 13... 


...23 


12 


25 S 


9-25 incr. ... 


16 17 


Feb. 9... 


...14 


30 


47 S 


48-46 deer. ... 


16 14 


May 17 ... 


...19 


25 


38 N 


33-46 incr. ... 


15 51 


July 14... 
Oct. 17... 


...21 
••• y 


37 
25 


53 N 


2309 deer. ... 


15 46 


6 S 


54-80 incr. ... 


16 5 


Oct. 9 ... 


... 6 


20 


10 S 


5708 incr. .... 


16 4 



Latitude by Meridian Altitude of the Moon. 

November 12, at 2^" 20°^ p.m. mean time nearly, in longitude :Bzampie 
60^ 45' W., observed the meridian altitude of the moon's lower 
limb to be 30** 30' 40" (Z. N.), the index correction +10' 42", and 
height of eye above the sea 16 feet. Bequired the latitude. 

Ship, Nov. 12 2»» 20« 

long, in time 4 3W. 

Greenwich, Nov. 12 6 23 

Note. — The Greenwich date might also have been found from the time of meridian 
passage (tee page 216) or more simply and accurately by taking time by chrono- 
meter. 
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Moon's Declination. Moon's SemL Hor. Far. 

Nov. 12, at6\..2''44'20"N. Noon 16' 6" 55' 20" 

corr 5 6 mid 16 3 65 6 

2 49 26 3~ 14 

Var. in 10" corr. by insp. 2 7 

133" 16 4 55T3 

2-3 aug» 7 

"399 semi 16 11 

266 

306-9 
Var. in 23'"=5' 6" 

Moon's alt. L. L 30° 30' 40" 

index corr 10 42 + 

30 41 22 
dip 3 66- 

30 37 26 
semi 16 11 + 

SO 62 37 

corr. in alt J ^^ ?? + 

I 11 + 

tme alt 31 38 24 

zen. dist 58 21 36 N. 

decl 2 49 26 N. 

Lat 61 11 2 N. 

Note.— When the declination of the moon is ehanging rapidly, or the ship is 
steaming at high speed on eonrses near North or South tme, the meridia» altitade of 
the moon may differ considerably from the maximutn altitude. In this case the time 
of meridian passage is calculated, and the altitude observed at that instant (lee 
page 861). 

16. January 10, at 7'' 40" p.m. mean time nearly, in long. 
6° 30' E., the observed meridian altitude of the moon's lower 
limb was 10" 20' 80" (Z. N.), the index correction-2' 20", and 
height of eye 14 feet. Eequired the latitude. 

Am. Lat. 56» 87' 46" N. 

17. February 4, at 5'* 40" A.M. mean time nearly, in long. 
72" 18' W., the observed meridian altitude of the moon's lower 
limb was 40" 20' 16" (Z. N.), the index correction + 4' 40", and 
height of eye 15 feet. Bequired the latitude. 

Ans. Lat. 25" 17' 10" N. 
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18. March 7, at 3*^ 20™ p.m. mean time nearly, in long. 
19** 20' W., the observed meridian altitude of the moon's lower 
limb was 19** 17' 18" (Z. S.), index correction- 1' 15", and height 
of eye 16 feet. Eequired the latitude. Arts. Lat. 88** 0' 44" S. 

19. July 5, at 1^ 7" p.m. mean time nearly, in long. 33** 
30' E., the observed meridian altitude of the moon's upper limb 
was 25** 42' 30" (Z. N.), the index correction + 2' 15", and height 
of eye 20 feet. Eequired the latitude. Ans, Lat. 88** 22' 37" N. 

20. August 12, at 5^* 4"^ a.m. mean time nearly, in long. 
94** 40' E., the observed meridian altitude of the moon's upper 
limb was 72** 20' 0" (Z.S.), the index correction + 3' 40", and 
height of eye 22 feet. Bequired the latitude. 

Time by chronometer 6^ 26°* 10* ; error on G. M. T. 4^ 19°* 10* 
slow. Ans. Lat. 31** 63' 5" S. 

21. December 27, at 9^ 12™ a.m. mean time nearly, in long. 
95** 20' W., the observed meridian altitude of the moon's upper 
limb was 19** 50' 4" (Z. S.), the index correction -0' 30", and 
height of eye above the sea was 24 feet. Bequired the latitude. 

Time by chronometer ll'* 12" 20» ; error on G. M. T. 0^ 59°* 5» 
fast. Ans. Lat. 87^ 35' 20" S. 

Elements from ' Natitical Almanac' 

Moon's Deolination. Moon's Semi. Hor. Par. 

Jan. 10, at 7** 22^ 1' 16" S noon 16' 0-1" 68 364" 

Var. inlO" 612" deer mid. 15 542 58 149 

Feb. 3, at 22** 23° 20' 51" S mid. 16 82 59 61 

Var. in 10« 387" incr noon 16 66 59 03 

Mar. 7, at4»» 18** 25' 4" S noon 15 334 56 585 

Var. in 10* 921" deer mid. 15 293 56 437 

July 4, at 22^ 24°33'ir'N mid. 14 507 54 220 

Var. in 10™ 227" incr noon 14 52*9 54 301 

Aug. 11, at 10*» 14° 4'13"S noon 16 69 59 11 

Var. inlO« 1255" incr mid. 16 92 59 97 

Dec. 26, at 22'» 17° 55' 16" S mid. 16 274 60 167 

Var. in 10« 118-3" incr noon 16 33-2 60 376 

Nora. — The meridian altitude of the moon is often advantageoosly used in the 
daytime or in the twilight. 

Latitttde by Meridian Altitude of a Fixed Star. 

The declination of a fixed star changes so slowly that we may, Practical 
without any practical error, take it out of the Nautical Almanac "*^ 
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(from the Catalogae of apparent places of stars) by inspection ; a 
Greenwich date will not be necessary. 
:Bxaiapiea Feb. 13, the observed meridian altitude of a Hydrad was 

db"" 55' 00" (zenith north of star), the index correction was + 2' 10'^ 
and height of eye 20 feet. Bequired the latitude. 

Observed altitude 35° 55' 00" 

index correction 2 00 + 

3^ 57^0 
dip 4 24- 

35~52"36 
refraction 1 20— 

true altitude 35 51 16 

90 

true zenith distance 54 8 44 N. 

declination 8 1 29 S. 

latitude 46 7~15 N. 

22. May 21, the observed meridian altitude of a Bootis was 
62"* 42' 10" (Z. N.), the index correction— 4' 4", and height of eye 
18 feet. Required the latitude. Ans. Lat. 47** 23' 32" N. 

23. June 16, the observed meridian altitude of a LyrsB was 
77** 1' 60" (Z. N.), index correction + 2' 10", and height of eye 16 
feet. Required the latitude. Ans, Lat. 5V 39^ 4" N. 

24. May 6, the observed meridian altitude of a Virginis was 
16** 52' 5" (Z. N.), index correction + 1' 45", and height of eye 20 
feet. Required the latitude. Ans. Lat. 62° 50' 4" N. 

25. Oct. 26, the observed meridian altitude of a Piscis Aus- 
tralis was 70^ 10' 0" (Z. S.), the index correction-4' 5", and 
height of eye 10 feet. Required the latitude. 

Ans. Lat. 50** 21' 26" S. 

26. May 4,* at 2*» 45** A.M. mean time nearly, in long. 42"* 10' W., 
the observed meridian altitude of Jupiter's centre was 16* 42' 10" 
(Z. N.), index correction + 11' 42", and height of eye 20 feet. 
Required the latitude. Ans. Lat. 50** 30' 38" N. 

^ The meridiaii altitude of a planet is worked like that of a star, the small oonee- 
tions for semidiameter and parallax being neglected ; the declination, howerer, given 
in the Nautiedl Almanac for each Greenwich mean noon requires correction (asoally 
by inspection) for Ghreenwich date. The meridian altitudes of a planet invisible to the 
naked eye can often be observed in the daytime by setting the sextant to the approxi- 
mate meridian altitude {see page 214), and at the time of meridian passage {se»p. 909), 
sweeping the horizon through the telescope near the north or south point according 
to the position of the planet with regard to the zenith. 
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27. July 12, at 9^ 36« p.m. mean time nearly, in long. 30** 30' E., 
the observed meridian altitude of Venus's centre was 10** 10' 50" 
(Z. N.), the index correction— 4' 4", and height of eye 10 feet. 
Required the latitude. Ans. Lat. 57^ 45' 37" N. 

28. November 27, at 6*^ 3" a.m. mean time nearly, in long. 100** 
0' W., the observed meridian altitude of Mars' centre vtras 32° 40' 
10" (Z. S.), index correctipn-8' 10", and height of eye 16 feet. 
Required the latitude. Ans. Lat. 45° 44' 58" S. 

29. Sept. 15, at 4^ 20« a.m. mean time nearly, in long. 10° 6' W., 
the observed meridian altitude of Saturn's centre was 19° 42' 10" 
(Z. N.), index correction — 6' 45", and height of eye 12 feet. 
Required the latitude. Ans, Lat. 88° 55' 24" N. 

Elements from ' Nautical Almanac.' 

May 21 ... a Bootis Decl. 19° 56' 57" N. 

June 16 ... aLyrsB „ 38 38 55 N. 

May 6 ... a Virginis „ 10 23 40 S. 

Oct. 26 ... a Piscis Australis „ 30 23 63 S. 

Jupiter, decl. May 3 22° 43' 11" S. May 4 22° 43' T'S. 

Venus, „ July 12 22 16 10 S. July 13 22 15 49 S. 

Mars, „ Nov.28 11 48 44 N. Nov.29 11 40 44 N. 

Saturn „ Sept.l4 18 24 50 N. Sept.l5 18 24 38 N. 

Note. — In selecting stars for observation on the meridian, preference should be 
given to those of high dedination, their movement in altitude being very slow when 
near the meridian. Some observers prefer taking several observations of altitade from 
about five minutes before the meridian passage to five minutes after, unclamping the 
sextant eaeh time, and taking the mean of the observations at the meridian altitude. 
{8ee also notes on pp. 960, 361). 

Latitude by Meridian Altitude beUm Pole. 

GKven the meridian altitude of a heavenly body below the pole, Theory 
and its declination ; to find the latitude. 

Let N w s E represent the horizon, n z s the celestial meridian, 
p the pole of the heavens, and x a heavenly body on the meridian 
below the pole (fig. 123). 

Then x N= meridian alt. of heavenly body, 
PXsspolar distance =90**— decl., 
and p Nasalt. of pole = latitude. 
By the figure, p n=x n + x p, 

.'. latitude =merid. alt. + polar distance. 
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szampies Given the meridian altitude of a Gentauri below the south pole 

=2r 25' 50", and its declination =60^ 14' 40" S. Construct a 
figure, and find by calculation the latitude (fig. 124). 

Let N w s E represent the horizon, and n z s the celestial meri- 
dian. In s z take s x=2T' 25' 50" ; then x is the place of the 
star below the south pole. Take x Pss29'' 45' 20", the star's south 



Fig. 123. 



Fia. 124. 




polar distance; then p is the south pole, and pssalt. of south 
pole=lat. required. 

By formula, lat.=mer. alt. + polar distance, 

.-. lat.=27^ 25' 50" + (90° -60^ 14' 40") 
= 57** ir 10" S. 

NoTS.~When crossing the meridiftn above pole a heayenlj body moyes from east 
to west, and when crossing below pole, from west to east. Below pole the meridian 
altitade is of coarse the least observed. 

30. Feb. 10, the meridian altitude of a Aigta below the pole 
was observed to be 6** 41' 15", index correction— 2' 10", and height 
of eye above the sea 14 feet. Eequired the latitude. 

Ans. Lat. 43^ 50' 18" S. 

31. Jan. 11, the observed meridian altitude of a UrssB Majoris 
below the pole was 14** 14' 30", the index correction— 4' 5", and 
height of eye 20 feet. Bequired the latitude. 

Ans. Lat. 41° 29' 47" N. 

32. April 20, the observed meridian altitude of 17 ArgAs below 
the pole was 20** 14' 15", the index correction— 4' 10", and 
height of eye 10 feet. Bequired the latitude. 

Ans, Lat. 51° 9' 26" S. 
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Elements from * Nautical Almanac J 



Feb. 10 ... a Argfts 

Jan. 11 ... a Urs8B Majoris 
Apr. 20 ... i; Argfts 



.Decl. 



52° 


37' 


17" 


S. 


62 


32 


28 


N. 


58 


54 


55 


S. 



Note. — On referring to fig. 116 on page 229 it is evident that the altitude of the 
pole or latitade of an observer is equal to half the sum of the meridian altitudes of a 
ciroumpolar star above and below pole if both altitudes are observed on the same side 
of the zenith, or to half the sam of (180^ + inferior mer. alt. — superior mer. alt.) if on 
opposite sides of the zenith ; this method of determining latitude is employed, among 
others, at astronomical observatories, but is of no use for purposes of navigation^ 
sinoe it practically involves the condition of the ship remaining stationary for a long 
interval. 



Latitude by Altitude near Meridian above Pole. 

The observation of the altitude of a heavenly body at the 
instant of its crossing the meridian of an observer being often pre- 
vented by clouds, the latitude 
in such a case may be ob- 
tained from an altitude near 
the meridian. 

Every heavenly body 
being always on the meridian 
of some place, the problem 
resolves itself into finding 
from an observation what 
would be the altitude of the 
body at that instant to 
another observer, who, being 
in the same latitude as the 
first observer, has the sun on 
his meridian. 

Thus in fig. 125 (drawn on plane of the equinoctial), if p be 
the pole, z the zenith, and N P s the meridian of the first observer : 
at the time of observing the altitude of a heavenly body x, not on 
the meridian of z, it must be on some meridiaji east or west of z ; 
in the case considered it will be on the meridian p x, and to an 
observer at z' in the same latitude as z its meridian zenith distance 
will be z' X. 

If, then, z' X can be calculated, the latitude of z', and therefore 
that of z, will be knovni. 

As in the problem of finding the latitude by meridian altitudes 
there will be a distinction of cases between heavenly bodies near 

R 
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the meridian above and below pole, bat the latter (except for stars) 
is in practice of very rare occurrence, only happening with the sun, 
moon, or planets in very high latitudes. 
Theory Given the altitude of a heavenly body near the meridian above 

the pole, its hour angle and declination, and the estimated latitude 
of the observer : to find the correct latitude.* 

Let X be a heavenly body, P the pole, and z the zenith. Let 
the hour angle z P x= A, latitude z Q=Z, zenith distance z x =2r, and 
declination of x or x D=d. 

Then polar distance p XssQO*"— d when the lat. and decl. have 
the same name, and 90** + d when of different names. 



Fio. 126. 
(On plane of horizon.) 
N 



Fig. 127. 
(On plane of equinoctial.) 




In triangle z p x, cos z p x = 



cos z X — cos p X . cos p z 



sm p X . sm p z 

^^ 2. cos xf— sin I . %md , , j j i. 
or cos h = 5 —^ when I and d have same name, 



or cos h = 



cos I . cos d 

cos J? + sinZ. sin^Z 

cos I . cos d 



, when I and d have different names. 



Li the first case, 

cos I . cos d . cos Ascos ;8r— sin I . sin d, 
. ' . cos ;er— sin { . sin d=cos I . cos d . cos h 

=cos l.coQd. {1 —vers h) 

=cos Z . cos d— cos l.cos d . vers h 

> This method of inyestigation is apparently dne to Cornells Doawes, of Amsterdam, 
heing published in 1754, and subsequently adapted to the tables of verslnes by Dr. 
Inman. 
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• • . COS 4? + COS I . COS d . vers A = cos I . cos d-f sin Z . sin d ; 

=cos {I ^ d)* =1 — vers (Z /%/ d) ; 
. • . vers {I f^ d ) =1 — cos -zr— cos I . cos d . vers h 
=vers 2:— cos I . cos d . vers h 

In the second case we shall find, in a similar manner, that 

vers (Z + d)=vers 2r— cos I . cos d . vers h. 

But I ^ d, or l + dy is the meridian zenith distance of the 
heavenly body at some place z* in the same latitude I as the 
spectator at the instant when its declination was d. Denote this 
meridian zenith distance by z. Then 

vers z =5 vers ^— cos i . cos d . vers A. 

The meridian zenith distance being thus found, corresponding 
to the declination d for the time of observation, the problem is 
reduced to finding the latitude from the meridian altitude of a 
heavenly body and its declination ; the rest of the steps will then 
be the same as given on page 233. 
To simplify the formula 

vers z=ver8 ;?— cos I . cos d . vers h, by adapting it to 
the. table of versines, 
Assume ve'rs ^=cos I . cos d . vers h, 
. • . hav d=cos I . cos d . hav h 
L hav ^=L cos Z + L cos d +L hav A— 20 
From which 6 and therefore vers may be found.* 
Then vers z=vers z —vers 0. 

From which the meridian zenith distance z is found ; and 
thence the latitude, for 

latitude = meridian zenith distance + decl. 

In the above expression for finding the latitude the latitude 
itself is involved. Now, as this quantity is only known approxi- 
mately, it may be sometimes necessary to repeat one part of the 
operation, using the latitude last found, which will be nearer the 
truth than the given estimated latitude ; and if the result thus 
determined differs much from the last one used, to make a further 

' When d is greater than I the expression becomes cos (d^J)^ the symbol ^x/ mean- 
ing diffeirenes between, 

* The table of yersines in Inman's Tables gives the valaes of the yiaiuraX versines 
multiplied by one million ; thus, the versine of 100^, as given in the table, is 1178648, 
but the real value of the natural versine is 1*173648. The haversine is (as implied by 
the name) half the versine. See explanation of Table 48. 

R 2 
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Szaxnple 



calculation until the latitude deduced does not differ from the one 
last found : it is seldom, however, necessary to repeat the operation 
more than once. This will be seen in the following example, 
where the approximation has been carried beyond what was 
requisite in order to show the practical utility of the method, and 
that with an error of even one degree in the latitude, when the 
hour angle is well known, a sufficiently correct residt will be 
obtained without a second approximation. 

When the heavenly body considered is east of meridian, the 
angle at pole between the meridian and the circle of declination 
passing' through the body is found by subtracting the hour angle 
from 24 hours. This angle will be termed the angular distance 
from the meridian. 

Note.— The nearer to the meridian 
that the observation can be obtained, 
the more aocnrate will be the result, 
and if approximately equal altitudes 
can be observed on both sides of the 
meridian the mean result will be free 
from the e£fect of errors in the time. 

Practically between the 
equator and lat. 30*", when 
th^ apparent time is uncer- 
tain to the extent of one 
minute^ the observation 
should be made within 20 
minutes of the time of meri- 
dian passage when lat. and 
decl. are of the same names, 
and within 30 minutes when of contrary names ; between lats. 
30** and 50** these limits may be extended to 40 minutes in the 
first case, and one hour in the second: these limits apply to 
heavenly bodies whose declinations do not exceed 24**. 

Given the altitude of a heavenly body =27"* 0', zenith north of 
the body, its declination =11** 29' 8" S., and hour angle=0^ 43™ 
25% the estimated latitude being 50** N. Construct a figure, and 
find by calculation the true latitude. 

Let N w s E (fig. 128) represent the horizon, p the pole, z the 
zenith, and x the heavenly body near the meridian. Then we 
have given declination x r=11** 29' 8" =d, zenith dist. z x= 
03** 0' = z, hour angle z p x=0*» 43™ 25»=fe, and estimated latitude 
^gO** — p z = 50** = Z ; to find the latitude correctly, 
hav d=hav h . cos d . cos Z, 
vers mer. zen. dist. = vers zen. dist.— vers 0y 
latitude =mer. zen. dist.— decl. 
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L coBd 9-991215 

^* hav h 7-9515 88 gnd approximation. 3rd approximation. 

7-942803 7-942803 7-942803 

„ cos 1 9-808067! .....9-800853 9-800737 

Lhav^ .7-750870 7-^3656 7743540 

• -.<?=8°36'30" 

and vers «= 11269 11084 11081 

vers ;?= 646009 54^009 546039 

vers mer. zen. dist. = 534740 534925 534928 

.-. mer. zen. dist.= 62^ 16' 23" N. 62° 17' 6" N. 62° 17' 6" N. 

declinations 11 29 ^ S. 11 29 8 S. 11 29 8 S. 

.-.latitudes 50 47" 15 N. 50 47 58 N. 50 47 58 N. 

As the last two results come out the same, we see that the 
approximation is carried far enough. When the latitude is known 
within a few minutes of the truth, a second approximation will 
seldom be necessary. Thus, in the above example, if we had 
supposed the estimated latitude to be 50° 28' N., which we know 
from the above result is 20' wrong, and had first worked with this, 
we should have found our ^rs^ result to be 50° 47' 40" N., and this 
is only 18" less than the truth ; showing in this case that an 
•error of 20' in the latitude used in the calculation will not pro- 
duce any important error in the latitude deduced from it. 

This result arises from the fact that when near the meridian 
the rate of change of altitude of a heavenly body is not practicaUy 
affected by even a considerable change of latitude (see page 369). 

Before giving a complete example of the calculation of this 
problem we repeat what was said on page 225 with regard to 
finding the sun*s hour angle : 

To find the sun's hour angle. When observations have recently 
been obtained for longitude, the error of the chronometer on ship 
apparent time at that instant becomes known ; on correcting this 
for the run of the ship in the interval, the error on apparent time 
(and therefore the sim's hour angle) becomes known at the time 
of taking the observation for latitude. When observations for 
longitude have not been recently obtained, to the Greenwich 
mean time (known by the chronometer) apply the longitude by 
dead reckoning in time, subtracting if west, and adding if east ; 
the result will be ship mean time : to this apply the equation of 
time with its proper sign to reduce mean time into apparent time ; 
the result will be the sun's hour angle. 
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Xzampiet August 22, A.M., in latitude by account SO*' 48' N., and long. 

1** 6' W., a chronometer showed 11** 50°* 22*, error on Greenwich 
mean time being 40*2' fast, when the observed altitude of the 
sun's lower limb near meridian was* 50** 36' 50" (Z. N.), index 
correqtion + 30", height of eye, 0. Required the latitude. 

Greenwioh Date and Hoar Angle. 

*Chr. showed IV' 50" 22» a.m. Obs. alt. L.L. 50** 36' 50" 

error, fast 40*2 index corr 30 + 

11 49 41-8 50 37 20 

12 corr. in alt.... 42— 

Gr. date, Aug. 21... 23 49 418 . 50 36 38 

long, in time 4 240 — semid 15 51 + 

shipmean time 23 45 17*8 sun's true alt. 50 52 29 

equation of time.... 2 39 *1 — 90 

ship app. time 23 42 38^ sun's zen. dist. 39 7 31 

24 

.-. angular distance^Q ^„ oi .3 
from meridian 

Son's Deol. . 

Aug. 22 11^ 44' 50" N. Var. in 1 hour 30" 

corr 8 Hours from noon... "28 

11 44 58" 8-4" 

Equation of Time. 

Aug. 22 2°^ 39» add Var. in 1 hour 628 

Corr ]17 hours from noon... -28 

2 3917 5024 

1256 
•17584 
Vers.. .39° 7'... 0224137 

L COS. decl 9-990803 31" 95 

„ COS est. lat 9-800737 vers zen. dist... 0224282 

„ hav hour angle 71559 66 vers 3*»24'40". 1770 

„ havd 6-947506 versmer. Z. D. 0222462 

.-. tf=3°24'40" 38^57' 305 

51" 157 

mer. Z. D... 38 57 51 N. 

decl 11 44 59 N. 

.-. Latitude 50 42 49 N. 

33. Nov. 14, P.M., in lat. by account ST 21' S., and long. V 0' W., 
a chronometer showed 0** 25" 27*, error on Greenwich mean time 
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l)eing fast 5" 56-7*, when the observed altitude of the sun's 
lower limb was 50^ 26' 20" (Z. S.), index correction -2' 20", and 
height of eye 10 feet. Required the latitude. 

Ans, Lat. 57*^ 16' S. 

34. June 30, A.M., in lat. by account 43** 00' N., and long. 
23° 30' W., a chronometer showed 1*^ 30" 15', error on Greenwich 
mean time being 7" 32* fast, when the observed altitude of the 
sun's lower limb was 69° 50' 22" (Z. N.), index correction + 2' 20", 
and height of eye 14 feet. Required the latitude. 

Am, Lat. 42° 56' N. 

35. July 10, A.M., in lat. by account 57° 24' N., and long. 
3° 40' W., a chronometer showed 11^* 20"* 15', error on Greenwich 
mean time being 30™ 30" slow, when the observed altitude of the 
sun's lower limb was 54° 17' 19" (Z. N.), index correction— 2' 40",. 
and height of eye 20 feet. Required the latitude. 

Ans, Lat. 57° 25' 25" N. 

36. May 20, A.M., in lat. by account 5° 48' S., and long. 
44° 30' E., a chronometer showed 8** 30™ 0% error on ship apparent 
time at instant of observation 3** 17™ 4» slow, when the observed 
altitude of the sun's lower limb was 64° 3' 50" (Z. S.), index 
correction— 4' 30", and height of eye 20 feet. Required the 
latitude. Ans. Lat. 5° 38' S. 

37. June 16, p.m., in lat. by account 52° 25' N., and long. 
1° 6' W., a chronometer showed 1'' 2" 9*, when the observed 
altitude of the sun's lower limb was 60° 37' 50" (Z. N.), index 
correction— 2' 10", and height of eye 17 feet. At 9 a.m. observa- 
tions showed the chronometer to be 0^* 48™ 17* fast on ship 
apparent time, the run since then being S.E. (true) 40 miles. 
Required the latitude. Ans. Lat. 52° 24' 15" N. 



Elements from ' Nautical Almanac* 

Son's Declination. Equation of Time. Son's Semi. 

^r- ^Vf 'L'Z-- ffrf^'W be added 16' 13" 

Var. m 1 hour 3877" mcr. •410' deer. ) 

June 30, 23° 14' 31" N 3°^ 3-7») .^uf^^f.^ i /; aa 

_- . \ y_ r, A^n :i ^o^. • f » suotracted... 15 4o 

Var. m 1 hour 945" dec... •486» mcr.) 

JuIyl0.22«>14'22"N^ '1''-''] ..subtracted... 15 46 

Var. m 1 hour 19-34" deer. •352'* mcr. ) 

May 20, 20° 1' 23" N 3°^ 44-9n ... .. ^^ 

Var. in 1 hour 30-94" incr. UP deer.* " 

June 16, 23° 22' 15" N 0™ 18-8M .^uf^^^x^j i « ap 

Tr IT- J f^trtf • e-oo. • [ »» subtracted... 15 46 

Var. m 1 hour 495" mcr. -538' mcr. ^ 
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NoTB.— The latitude may be Bimilarly determined from observations of stan. 
planets, or the moon, when near meridian, the hour angle being dedneed from the 
formulie on page 206, viz. : 

Mean time = star's hour angle + iStar's R. A. -R. A. mean sun, 
. * . hour angle = mean time + B. A. mean sun - R. A. of star, planet, or moon. 
In the cajses of the two latter the B. A. should be corrected for Greenwich date. 

For the hour angle of a body near meridian below pole subtract 12» from the hour 
angle found as if for above pole if this exceeds 12S or subtract it from 12^ if it is less. 
As these are less frequently observed, our examples have been taken from observations 
of the sun only. The e£Fect of errors of latitude and time on observations near the 
meridian will be considered on p. 368. 



Reduction to the Meridian. 

The following method of obtaining the latitude by altitude 
near the meridian was given by Delambre in 1814. 

Let X (fig. 129) represent a heavenly body observed at a time 
when near the meridian N s, the angular distance from the 
meridian being z p x, or h. Let p z represent the colatitude or 90** 
— Z, and p X the polar distance or 90**— d, the zenith distance at 
time of observation being z x. 

From p as centre with radius p x describe an arc x m ; then m 
will represent the position of the heavenly body when it comes 
on the meridian, if the change in decUnation is neglected. 

From z as centre with radius z x describe an arc x o ; then o 
will be a point on the meridian having the same altitude as x at 
time of observation, and m o (or x) will represent the star's change 
of zenith distance or altitude while moving from x to the meridian, 
and will therefore be the quantity or reduction to be added to the 
observed altitude in order to find the meridian altitude, and hence 
the latitude. From the spherical triangle p z x we have 

pos z x=cos p z cos p x + sin p z . sin p x cos h 
=sin I sin d! + cos I . cos d . cos A. 

For cos h substitute its value 1—2 sin* ^h. 

cos z x=sin I sin d + cos I . cos (i— 2 cos I cos d sin* ^h 

(1) =cos (Z+cZ)— 2 C09 I . cos d sin* \h. 

Now z x=z o=ic + z m 
.-. cos z x=cos X cos z w— sin a; . sin z m 

(2) =(l-i xy cos {l+d)-x sin (Z+d), 

since x is only a small quantity and z m (in this case) = (Z— .d). 
' More accurately, cos x = \- ^ + ^-^^^^ "" *®* 
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By equating the values of cos z x as given in equations (1) and 
<2), we have by changing signs and reducing 

(3) X sin (Z+d) +^ x^ cos (Z+d) =2 cos I . cob d sin* ^h. 

The second term of the left-hand side of this equation is small 




when the observation is made near the meridian, and under those 
circumstances may usually at sea be neglected ; hence 

X sin (Z+d)s=2 cos I . cos d sin* ^h. 

Sin {l+d) ' 

•or, expressed in seconds, 

_ cos I cos d 2 sin* ^h 
~ 'sm~ (l+d) ' ~sin 1" ~ 



X = 



In Inman's Table No. 28 the value of ^-?^~ 

sm 1" 



can be found 



by inspection ; (Z+d) is of course the meridian zenith distance, 
from which the latitude at tiine of observation is found.* 

The reduction to the meridian is additive to the altitudes 
near meridian above pole and subtractive from those near 
meridian below pole. 

The value of x evidently will increase as the meridian zenith 
-distance (l+d) decreases, and therefore the formula given should 

' Since when h is small the arc may be substituted for the sine, the expression may 
be written thus : 

_cos I . cos d sin* 15' it 

~ "2 8iir(r+d)1Sn"r 
where x is expressed in seconds of arc and h in minutes of time. A most compre- 
hensive table from which the value of x deduced from this expression can be taken 
by inspection has been published by Staff-Oommander Brent and Messrs. Walter and 
Williams, naval instructors. See also " Towson's *' ex-meridian tables. 
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not be used when the heavenly body passes near the zenith^ 
except when it is very near the meridian. Hence when the 
heavenly body has nearly the same declination as the observer, 
and cannot be observed when very nearly on the meridian, it is 
necessary to use the formula obtained from the more complete 
solution of equation (3), from which 
_ cos Z . cos d 2 sin* ^h ^ /cos Z . cos dy 2 cot (Z+rf) sin * ^h 
sin (Z+d) " sin 1" "" \ sin (Z+d) / ' ^ yt 

Practically, when the number of minutes in the first reduction, 
or left-hand term, is less than the number of minutes of time in 
the hour angle, Part 2, or the right-hand term, is unnecessary. 

Example : In the example on page 246 worked by this method, 
the reduction of the observed altitude to the meridian altitude 
would be found as follows : 

log aj=L cos l+li cos d— L sin (Z-d) -hlog * 690"— 10 

=9-800737 

9-990803 

2-7708S2 

12-562392 

9799339 

2-763053 
.'.X =579-5" or 9' 39". 

This added to the observed altitude gives the value of the meridian 
altitude 51^ 2' 8" and that of the meridian zen. dist. 38^ 57' 52", 
agreeing with the result obtained before. 

Latitude by Altitude near Meridian below Pole. 

In this case the heavenly body is referred to the nadir, or 
point opposite to the zenith, instead of the 
zenith, and the result is the meridian nadir 
distance of the body, which is equal to its 
distance from the horizon + distance of nadir 
from the horizon, that is, to mer. alt, + 90** ; and 
mer, aZ^. -h 90''— decZ.=Za^ 

Let z' be the nadir, z the zenith ; then z z' 
=180**, and z X z' = 180^ x being the body 
near the meridian under the pole. Let A= 
hour angle which the body is W. from the 
upper part of the meridian, that is, the angle 
z p X, and Ai=the hour angle which x is from 

> Taken from Inman's Tables, No. 26 ; the reader will observe that Part 2 or the 
' seoond redaction ' is of the opposite sign to Part 1. 
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the lower part of the meridian or angle z' p x ; then Aj =12'' — A or 
/t— 12**. Let ;8r'=nadir dist. or z' x ; ;8r==zen. dist. or z x ; then z* 
=180**-;? = 90^ + (90°-;8r) =90^ + aZf. Let m' z' denote mer. 
nadir dist. ; then m' z' = 90*" + mer. alt. ; also p z' = 180** — 
p z. In this case by trigonometry. 

L hav d=L cos i + L cos d + L liav ^i— 20 = L cos i + L cos 
d + L Aav (12'' — /i) —20. And in nat. versines . . . vers m' il^vers 
z'-^vers 0; or vers (90° + mer. alt.)^vers {90'' + alt) --vers 0. 

For an illustration of a computed example, see * Wrinkles on 
Navigation.* 



Latitude by Pole-star. 

The latitude of an observer in the northern hemisphere can be 
found at any time of the night by applying a correction to the 
true altitude of the Pole-star (Polaris). 

This correction, which may be otherwise obtained as in the 
case of any star near the meridian above or below pole, is sim- 
plified in the case of Polaris by its proximity to the pole. 

In fig. 131 if p represent the north pole of the heavens and z 
the zenith of the observer, the apparent path of Polaris, owing ta 
the rotation of the earth, will be that shown as a circle described 
round p, with a radius equal to the polar distance of the star (p), 
at present (1898) I'' 14'. 

Let s be the star, ska, perpendicular drawn from the star ta 
the meridian zn, Ps the star's polar distance =p, s pA? its hour- 
angle = h. 

In z N conceive a point 
i to be taken, so that N i 

^ ^ — T — -- 5 = a, the star's. 

altitude. 

Then— 

the lat. p N=N i-hi k — 
pA 

But— 
p k^'ssp^' cos h and « A " = 
p" sin h very nearly. 
,-. l^ a " jp" cos h -^ ik 

To find an expression 
tovik: 
In the right-angled triangle z s k — 



Fio. 131. 
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COB z 5 = COS z k COS s k 
And since z i = z « by construction 

coszi,or Ucoszfccos^i 
cos (z 4 +ik)) 

Hence cos z k cos i A; — sin z ft sin i fc = cos z k cos « i. 

But i k being very small, 

cos i fc s= 1 and sin i ft == (i ft)" sin 1" nearly. Also z ft=z i 

nearly. 

Therefore, by subtitution — 

cos z i— sin z i (i ft)" sin 1" = cos z i cos s ft very nearly. 
And sin z i (i ft)" sin 1"= cos z i — cos z icos 5 ft ^ 

Hence, dividing by sin z i — 

{i ft)" sin l"=s tan a (1— cos 5 ft) 



= tan a sin'-^ 



= tan a 2 sin^ 1"(^^') nearly. 

= tan a — ^ — (|?" sin h)^ 

= i tan a sin « 1" (p" sin A)* 
and i ft" = ^ tan a sin 1" (p" sin h)^ 
Hence, finally, 

Z =r a — jp" cos A + isin i" (2?" sin A)* tan a. 

The values of jp" cos Ifi and ^sin 1" (p" sin 7^)^ tan alt. are 
calculated for different values of ft, and form Tables I. and II. of 
the tables given in the Nautical Almanac for determining latitude 
by Pole-star ; but as these tables are calculated for a constant 
value of jp = 74' and the right ascension of the star 1^ 21™, an 
additional table is given (Table III.), depending on the difference 
between the true and assumed values ^ of the polar distance and 
right ascension ; the values in this table are increased by 1', so as 
to be always additive, and hence the necessity for subtracting 1' 
from the true altitude before applying the corrections from the 
Nautical Almanac. 

^ The annual variation of deolination of Polaris is 19", and that of right ascension 
"22* ; the tables in the Nautical Almanac were first inserted in 1S34, and are calculated 
from the formulsB given by Littrow in 1822. Originally, only what is now known as 
the first correction was applied (given in the Seaman's Kalendar, 1602), but in 1810 
good tables were published by Mr. J. Stevens, of the East India Company's service. 
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Note. — The value otp cos h or Table I. in the Nautical Almanac, applied alone to 
the true altitude of Polaris, will (except in latitudes greater than 60°) generally give 
the latitude within an error of 2' {see also Inman*s Tables, No. 81). 

The Pole-star can be observed for latitude at any time of night 
in the northern hemisphere, but is most favourably situated when 
on or near the meridian, at which times the middle star in the tail 
of the Great Bear is vertically above or below Polaris. 

On March 6, in longitude 37° W., at 7^ 43°^ 35» p.m. ship mean Example* 
time, suppose the altitude of the Pole-star, when corrected for the 
error of the instrument, refraction, and dip of the horizon, to be 
46° 17' 28". Kequired the latitude. 

Ship mean time 7*^ 43°^ 35» 

diff. long. (37° W.) in time 2 28 

Greenwich mean time 10 11 35 



Sidereal time at Greenwich mean noon ......22^» 56"* 28» 

ship mean time 7 43 35 

acceleration > for 10^ 12°^ 1 41 

sidereal time of observation 6 41 44 



True altitude 46° 17' 28" 

subtract 1 



reduced altitude 46 16 28 

with argument^ 6^ 41" 4:4:*, first correction '...0 12 40 

approximate latitude 46 3 48 

arguments, 49° 17' ) _ ^. . ^ ..^ 

gi, iom r second correction^ + 55 

arguments, March 6, 6^ 42", third correction * + 1 3 

Latitude of the place 46 5 46 N. 

38. April 10, at 1** 30" a.m. mean time nearly, in longitude 
64° 30' E., the observed altitude of the Pole-star was 52° 30' 40", 
index correction — 1' 20", and height of eye above the sea 16 feet. 
Kequired the latitude. Ans. 53° 36' N. 

39. June 15, at 2'' 20" a.m. mean time nearly, in longitude 
10° 20' W., the observed altitude of Polaris was 46° 10' 30", index 
correction + 3' 10", and height of the eye 19 feet. Eequired the 
latitude. Ans. Lat. 45° 55' N. 

' Taken from the Nautical Almanac or from Inman's Tables; the elements in this 
example are arranged as in that given in the Nautical Almanac, 

' The argument of a table is the value of an element on which another element 
depends. ' By interpolation from Table L, Naut. Aim. 

* By interpolation from Table II., Naut. Aim. 

* By interpolation from Table III., Naut. Aim. 
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40. July 20, at 11^^ 40" p.m. mean time nearly, in longitude 
42'* E., the observed altitude of Polaris was 35^ 30' 40", index cor- 
rection — 4' 10", and height of eye above the sea 15 feet. Re- 
quired the latitude. Ans. Lat. 35** 18' N. 

41. March 1, at 3^* 10" a.m. mean time nearly, in longitude 16** 
20' E., the observed altitude of Polaris was 33° 27' 30", the index 
correction was— 2' 10", and the height of the eye above the sea was 
24 feet. Required the latitude. Ans, Lat. 34° 36' N. 

42. August 27, at 2^' 40™ a.m. mean time nearly, in longitude 
165° 45' E., the observed altitude of Polaris was 39° 47' 50", the 
index correction was 4- 1' 20", and the height of the eye above 
the sea 20 feet. Required the latitude. Ans, Lat. 39° 1' X. 

43. September 9, at lO*' 47" p.m. mean time nearly, in longitude 
12° 30' W., the observed altitude of Polaris was 37° 4' 20", the 
index correction was — 2' 10", and the height of the eye above 
the sea 20 feet. Required the latitude. Ans, Lat. 36° 6' N. 

Elements from * Nautical Almanac' 

April 9, Sidereal Time at Green, mean noon 1^ 11" 47» 

Jime 14, „ „ „ 5 32 

July 20, „ „ „ 7 54 

Feb. 29, „ „ „ 22 34 50 

Aug. 26, „ „ „ 10 20 33 

Sept. 9, „ „ „ 11 15 46 

Latitude by Double Altitude. 

The methods of finding the latitude by two observations of the 
same heavenly body separated by a known interval of time, 
or by simultaneous observations of two heavenly bodies, is 
commonly, though erroneously, termed the double altitude. Thei?e 
have been many solutions given of this celebrated problem, a 
selection from them being found in the Appendix. 

The cases now considered will be solved by what is termed the 
Direct Method. 

First, Latitude by two altitudes of a heavenly body (usually 
the sun), knowing the time elapsed between the observations. 

Second. Latitude by altitudes of two heavenly bodies (usually 
stars) observed at the same instant of time.^ 

* In 1537 Pedro Nanez gave a solution of this problem (Case I) on a globe, asing 
the differences of bearing instead of the polar angle ; in 1594 Bobert Hues solved the 
problem (Case 1) by using the same elements as practised now, the means of measuring 
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Case 1. — Given the altitudes of the sun, or any other heavenly THeory 
hody, observed at two different times, and the elapsed time 
between the two observations : to find the latitude. 

Let N w s E represent the horizon, n z s the celestial meridian, 
p the pole, and z the zenith of the spectator. Let x and Y be the 
places of the heavenly body when its altitudes were observed. 
Draw the circles of altitude z x and z Y, and circles of declination 
p X and P Y, through x and Y. Draw also x Y, the arc of a great 
circle. 

In fig. 132 the arc x Y, drawn through the two places of the 



Fig. 132. 




heavenly body, is supposed not to pass, when produced, between 
the zenith and pole, and in fig. 133 it does thus pass. 

Li the two spherical triangles p x y and z x Y, there are given 
the two polar distances p x jind p y (known from the Nautical 
Almaruic), the angle x p Y (the interval between the observations, 
which will be given sufficiently accurately if noted by a chrono- 
meter whose rate is known), and the two zenith distances z x and 
z Y (from the observed altitudes) ; to find the colatitude p z, 
and thence the latitude. The successive steps in the calculation 
are as follows : 

(1) In the spherical triangle p x y, are given the polar dis- 
tances p X and p Y, and included angle x p y, to calculate x y. Call 
this arc 1. 

the time between the observations having become available through the invention of 
watches. 

Brinkley, in the Appendix to Nautical Almanac for 1825, gave one of the earliest 
applications of the problem to star observations (Case 2). 

The method of solving Case 1 given in the text is due to N. F. Duillier, and was 
published by him in 172S. 
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(2) In the spherical triangle p x Y, are given the polar distances 
p X and p Y, and arc 1 , just found, to calculate the angle p x y. 
Call this angle p x Y arc 2. 

(3) In the spherical triangle z x Y, are given the zenith dis- 
tances z X and z y, and arc 1, to find the angle z x Y. Call this 
angle z x Y arc 3. 

In the case of fig. 133 add arc 3 to arc 2, and in the case of 
fig. 131 subtract arc 8 from arc 2 ; the sum or remainder is angle 
p X z, or arc 4. 

(4) Lastly, In the triangle p x z, are given p x and z x, the 
polar dist. and zenith dist. at the position of x, and the included 
angle p x z, or arc 4, to calculate p z, the colatitude and thence 
z Q, the latitude. 

This rule for finding the latitude, although long, is direct, and 
free from any ambiguity of cases, and has also the great advantage 
of being a simple application of two of the common rules of 
Spherical Trigonometry. 
Limits The following limitations of the application of the double 

altitude problem were given by Dr. Inman {see also page 374) ; 

(1) Both observations E. or both W. of meridian. The 
difference of the two bearings measured from the elevated pole (or 
change of bearing) should exceed the lesser bearing, and the nearer 
the difference of bearings to 90° the better. 

By the greater bearing is to be understood that nearer to the 
prime vertical, and by the lesser bearing is to be understood that 
which is nearer to the meridian. 

(2) One observation E, and the other W. of meridian. The 
limit just given in (1) will hold good if for the greater bearing be 
substituted the bearing opposite thereto, as N.E. for S.W. 

(3) When the bearings on different sides of the meridian are 
equal, either may be considered as the lesser. 

(4) The nearest arc on the celestial concave drawn between 
the places of the body or bodies should not pass (if necessary 
when produced) near the zenith or celestial pole, but distinctly 
on the same side of both, or distinctly between them. This arc 
may be traced by the eye. 

(5) The distance run by the ship in the interval of the 
observations should not be more than 12 leagues or 36 miles ; the 
interval itself should not be more than 8 or 9 hours. In determin- 
ing the true course and distance in the interval, care should be 
taken to make a proper allowance for any currents or tides by 
which the place of the ship may have been affected. 
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October 11, in latitude by account 54'' N. and long. 83"" 15' W. Example 
the following double altitude of the sun was observed : 



Mean Time nearly. 
7^ 45°* A.M. 

10 35 A.M. 



Chro. 

11^ 40" 15« 
2 13 20 



Alt. Sun*8 L. L. 

9° 0' 20" 
25 3 30 



Compass Bearing. 

S. 70^ E. 
S. 22 E. 



The run of the ship in the interval was S. by W. by compass 
15 miles, index correction + 5' 10", and the height of eye above 
the sea was 18 feet. Bequired the true latitude at the second 
observation. 



At Greater Bearing. At Lesser Bearing. 

Ship, Oct. 10 19^^ 45°^ Ship, Oct. 10 22^ 35" 

long, in time 5 33 W. 5 33 W. 

Oct. 10 25 18 Oct. 10 28 8 



Gr. Oct. 11 » 1 18 

or 1*3 hrs. 



Gr. Oct. 11 4 8 

or 4-13 hrs. 



Decl. at Greater Bearing. 



Deol. at Lesser Bearing. 



corr 1 14 cc 


)rr. 




3 55 








7 6 62 


7 8 32 


Var. in 1 hour 56-87" incr. 






56-87" incr. 


Hours from noon... 1-3 






413 


17061 


17061 


5687 






6687 


73-931 =r 14" 






22748 




234-8731=3' 55" 


N. pol. dist. ... 970 5' 52" 


N. 


pol. 


diet. ... 97° 8' 32" 


at greater bearing. 






at lesser bearing. 



* The Greenwich dates are in ordinary cases more usually and accurately found 
from the known errors of chronometer on G.M.T. at each time of observation ; but the 
rale in the text is retained, since it is important to observe in double altitudes that they 
are applicable where the Greenwich date is only roughly known, provided the interval 
between the observations is accurately measured by a good watch. 
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Bnn'B Altitude at Greater Bearing. 

Obs. alt 9° 0' 20" 

index corr 6 10 + 

9 5 30 
dip 4 11- 

9 1 19 
corr. in alt 5 33— 

8 55 46 
semi 16 3 + 

9 11 49 
corr. for ran (se« p. 222) 2 12 + 

true alt 9 14 1 

90 

Z. D 80 45 59 

at greater bearing. 



Son's Altitude at Lesser Bearing. 

Obs. alt 25° 3' 30" 

index corr 5 10+ 

25 8 40 
dip 4 11- 

25 4 29 
corr. in alt 1 54— 

25 2 35 
semi 16 3 + 

true alt 25 18 38 

90 

Z.D 64 41 22 

at lesser bearing. 



Ghro. Times. 

11*^ 40"* 15» 
14 13 20 

Polar angle ' 2 33 5 



To find Arc 1. 

L Bin pol. dist. at G, B. 9996661 
„ „ „ „ at L. B. 9-996617 
„ hav pol. angle 9031223 

„ hav arc 1 9024501 

Arcl« 37** 58' 0" 



1 When great accuracy is required, this elapsed time should be corrected for rate 
of chronometer, and also for the change in the eqaation of time in the interval, since 
the interval in a/pparent time is what is required ; but these corrections are seldom 
made. Similarly, if the same star is observed twice, the interval should be converted 
into sidereal time. 

An interval of mean time is converted into the corresponding interval of apparent 
time by applying to it the change of equation of time during that interval. 

Thus, an interval 4 hours mean time is corrected by applying to it 4 times the 
var. in 1 hour of the equation of time. If in the Nautical Almanac we see that the 
equation is decreasing and to be subtracted from mean time, or increasing and to be 
addedt the correction thus found will be added to 4 hours, otherwise it will be subtracted; 
the result being the required interval expressed in apparent time. 

In a star double altitude the interval shown by chronometer (mean time) would be 
converted into sidereal time, as explained on page 192. 

' To find arc 1 accurately. To the versine of the arc found as above add the versine 
of the difference of polar distances ; the sum will be the versine of arc 1. This is only 
necessary to be done in Case 2 on page 263. 
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To find Arc % 

•log.cosec 0-210982 

cosec 0003339 



.£JLJ.«yl Jt ••••••••••••••• Vi 

pol. dist. at G. B. 97 
diff. 59 


5 52 


7 52 


pol. dist. at L. B. 97 


8 82 


flTiTn 156 


16 24 


diff. 38 


40 



i L hav 4-990618 

i „ hav 4-512779 

L hav arc 2 9-7'l7718 

Arc 2 92° 31' 45" 

To find Arc Z. 

Aicl 37° 58' 0" log.cosec 0-210982 

Z. D. at G. B. ... 80 45 59 „ cosec 0005664 

diff. 42 47 69 

Z. D. atL. B. ... 64 41 22 



stun 107 29 21 \ L hav 4906540 

diff. 21 53 23 \ „ hav 4-278481 

L hav arc 3 9-401667 

Arc 3 60° 17' 0" 

To find Arc 4. To find Arc 5. 

Arc 2 92° 31' 45" L sin pol. dist. at G. B. 9-996661 

arc 3 60 17 „ sin zen. dist. at G. B. 9-994336 

Arc 4 32 14 45 „ hav arc 4 8-887148 

„ hav arc 5 8-878145 

Pol. dist. at G. B. 97° 5' 52" Arc 5 31° 54' 15" 

zen. dist. at G. B. 80 46 59 



diff. 16 19 53 



Vers 31° 54' 15" 0161066 

„ 16 19 53 0040347 



„ colat 0191413 

.-. colat 36° 2' 31" 

90 

Latitude 5T 57'29~N. 

44. June 3, in latitude by account 52° N., and long. 72° E., the 
following double altitude of the sun was observed : 

8 2 
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Mean Time nearly. Ghro. Alt. Son's L. L. Compass Bearing. 

9^ SO"' A.M. 9^ 52» 28- 51^ 17' 45'' SE. by S. 

11 15 A.M. 11 14 29 59 32 15 S. by E. 

The run of the ship in the interval was W. by 8. by compass 
10 miles, index correction —0' 40", and height of eye 12 feet. 
Bequired the true latitude at the second observation. 

Ans. Arc 1, 18^ 57' 45" ; arc 2, 86^ 3' 30" ; 
arc 3, 52° 9' 15" ; lat. 50° 48' N. 

45. April 11, in latitude by account 56° 20' N., long. 10° 30' E., 
the following double altitude of the sun was observed : 



lean Time nearly. 


Cihio. 


Alt Ban's L. L. 


True Bearing. 


IP 0" A.M. 


7" 5» 10' 


40» 10' 15" 


S. 23° E. 


2 P.M. 


10 6 10 


35 15 40 


S. 67" W. 



The run of the ship in the interval was NNE. true 29 miles, 
index correction + 2' 10", and height of eye 18 feet. Eequired the 
true latitude at the second observation. 

Am. Arc 1, 44° 45' 45" ; arc 2, 86° 39' 30" ; 
arc 3, 66° 12' 15" ; lat. 56° 56' N. 

46. April 13, in latitude by account 41° 20' N., long. 156° 15' E., 
the following double altitude of the sun was observed : 

Mean Time nearly. Ghro. Alt. Son's L. L. Trne Bearing. 

10^5°^ A.M. 7^30°'20« 53° 0' 20" SE. by S. 

2 45 P.M. 11 29 40 40 59 10 SW. by W. 

The run of the ship in the interval was SSE. true 25 miles, 
index correction —5' 20", and height of eye 14 feet. Bequired 
the true latitude at second observation. 

Ans. Arc 1, 59° 3' 45"; arc 2, 85° 2' 30"; 
arc. 3, 43° 51' 30" ; lat. 41° 23' 15" N. 

47. April 22, in latitude by account 50° 48' N., and long. 
148° 30' E., the following double altitude of the sun was observed : 

Mean Time nearly. Chro. Alt. Son's L. L. Ck)mpa88 Bearing. 

10^ 0"*A.M. 10^ 2°»25» 44°20'0" SE. by S. 

11 24 A.M. 11 24 34 50 20 S. by E. 

The run of the ship in the interval was 0, index correction 
+ 40', and height of eye 0. Eequired the true latitude at second 
observation. Ans. Arc 1, 20° 5' 30" ; arc 2, 87° 48' 0" ; 

arc 3, 62° 23' 30" ; lat. 50° 44' 30" N. 
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48. October 15, in latitude by account 53° N., and long. 54° E., 
the following double altitude of the sun was observed : 

Mean Time nearly. Chro. Alt. Son's L. L. True Bearing. 

11*^ 20°^ A.M. IP IS"" 50- 27° 31' 50" S. 12° E. 

1 20 P.M. 50 32 25 45 5 S. 22° W. 

The run of the ship in the interval was S. by W. true 14 miles, 
index correction +2' 55", and height of eye above the sea 15 feet. 
Eequired the true latitude at second observation. 

Ans. Arc 1, 23° 24' 15" y arc 2, 91° 43' 15" ; 
arc 3, 79° 10' 30" ; lat. 53° 17' 45" N. 

49. October 24, in latitude by account 50° 40' S., and long. 
142° W., the following double altitude of the sun was observed : 



Mean Time nearly. 
10^ 0°^ A.M. 
11 24 A.M. 



Chro. 
10*^ 12^ 34- 
11 34 34 



Alt. Sun's L. L. 
44° 20' 0" 
50 20 



Compass Bearing. 

SE. by S. 
S. by E. 



The run of the ship in the interval was 0, index correction 0, 
and height of eye above the sea 0. Bequired the true latitude at 
second observation. 

Ans. Arc 1, 20° 3' 0" ; arc 2, 87° 48' 0" ; 
arc 3, 62° 23' 0" ; lat. 50° 45' 30" 8. 



Elements from 'Nautical Almanac* 
Smi's Declination. 



June 3, 22° 16' 34" N. 



Son's Semi. 

Var. in 1 hour 18-05" incr.... 15' 47" 



April 11 8 11 21 


N. ... 




54-93 , 


, ... 16 58 


„ 12, 8 33 22 


N. ... 




6419 , 


, ... 15 57 


„ 21, 11 44 26 


N. ... 




6019 


15 56 


Oct. 16, 8 40 28 


S. ... 




55-45 


„ ... 16 4 


„ 24, 11 49 32 


S. ••• 




6201 


16 7 



Case 2. — Given the altitudes of two heavenly bodies observed 
at the same time : to find the latitude. 

Let NWSB represent the horizon, N z s the celestial meridian, 
p the pole, z the zenith, WQ B the equinoctial, and a the first point 
of Aries. Let x and T be the places of the two heavenly bodies 
whose altitudes are observed. Draw the circles of altitude z x 
and z T, and circles of declination p x and p y, through x 
and T ; draw also x y, the arc of a great circle joining the two 
bodies. 
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Bxamples 




In the two spherical triangles p x t and z x Y, there are 
given the two polar distances p x and p t (known from the 
Ncmtical Almanac), the angle 

X p T, the difference of the ^'^- ^^^• 

right ascensions of x and 
T (for R r' measures the angle 
X p T, and R r' = A r' — 
AR=RA of X— RA of y), and 
the two zenith distances z x 
and z Y (known from the ob- 
served altitudes), to find the 
colatitude P z, and thence the 
latitude. The successive 
steps of the calculation are 
as follows : — 

(1.) In the spherical tri- 
angle px Y, are given the polar 
distances p x and p Y, and the included angle x p Y, to calculate 
X Y, or arc 1. 

2.) In the spherical triangle p x Y, are given the polar dis- 
tances p X, p Y, and arc x Y, or arc 1, to calculate the angle p x y, 
the angle at the heavenly body whose bearing is the greater. Call 
this angle arc 2.* 

(3.) In the spherical triangle z x Y, are given the zenith dis- 
tances z X and z y, and arc 1, or.x Y, to find the angle z x Q, the 
angle at the greater bearing. Call this angle arc 3. 

(4.) When the arc x Y does not pass between the zenith and 
the pole, subtract arc 3 from arc 2, the remainder is angle p x z. 
Call this arc 4. When the arc x Y does pass between the zenith 
and the pole, add arc -3 to arc 2 ; the sum will be angle p x z, or 
arc 4. 

(5.) Lastly. In the spherical triangle p x z, are given p x and 
X z, the polar distance and zenith distance at the greater bearing, 
and the included angle p x z, or arc 4, to calculate p z the colati- 
tude ; and thence z Q, the latitude, is known. 

January 1, in latitude by account 38** 10' N., the following alti- 
tudes of the stars a Pegasi and a Aquilae were taken at the same 
instant : 



True Bearing. 

S. 22° E. 



Obs. Alt. o Pegasi. True Bearing. 

29° 49' 27" S. 78° E. 

In. corr.— 15" 

■ Arcs 1 and 2 for 27 pairs of suitable stars can be taken by inspection from Shad- 
well's Star Tables, which also gives the rule for application of arcs 2 and B to find 
arc 4. 



Obs. Alt. a AquiliB. 

57° 29' 50" 
In. corr.— 15" 



Digitized by 



Google 



LATITUDE BY DOUBLE ALTITUDE 263 

The height of the eye was 41 feet. Eequired the latitude. 



At Greatc 
aPej 

Observed alt 

index correction.. 


ir Bearing. 

. 29** 49' 27" 
15- 

29 49 12 
6 18- 

29 42 54 
1 42- 

. 29 41 12 
90 


At Lesse 
aAc 

Observed alt , 

index correction . . 

dip 

refraction ..••••. 


r Bearing. 
[uilaB. 

.. 57^ 29' 50" 
15- 


dip 


57 29 35 
6 18- 


refraction 


57 23 17 
^7- 


true aJt 


true alt 

zenith distance . 


.. 57 22 40 
90 


zenith distance ... 60 18 48 


.. 32 37 20 



star's declination . 14° 22' 50" N. Star's declination . 8° 28' 2"N. 
90 90 



pol. dist. at G. B. 75 37 10 pol. diet, at L. B. 81 31 58 

B. A. a Pegasi ... 22" 57'" 6* Pol. dist. at G. B. 75» 37' 13" 
E. A. d Aquilse ... 19 43 15 pol. dist. at L. B. 81 31 58 

polar angle 3 13 51 diff. pol. dists. ... 5 54 48 

To find Arc 1. 

L sin polar distance at greater bearing 9*986177 

„ sin polar distance at lesser bearing 9*995241 

„ haversine polar angle 9*226458 

„ haversine arc A 9*207876 

arc A 47° 22' 30" 

vers arc A ...., 0322696 

107 
vers difference polar distances 5319 

vers arc 1 0328122 

arc 1 47° 47' 16" 

To find Arc ^. 

Arcl 47° 47' 16" log. cosec 0*130382 

P. D. atG. B. 75 37 10 „ cosec 0013823 

difference 27 49 54 \ L hav S. ... 4*911662 

P. D. at L. B. 81 31 58 \ „ hav D. ... 4*654808 

sum (S) 109 21 52 L haversine, arc 2 ... 9*710675 

difference (D) 53 42 4 .*. arc 2 91° 34' 0" 
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To find Arc 3. 

Arc 1 47^ 47' 16" log. cosec 0130382 

zen. dist. at G. B. 60 18 48 „ cosec 0-061110 

diflference 12 31 32 i L hav S.... 4-584171 

zen. dist. at L. B. 32 37 20 \ „ hav D... 4-241725 

sum (S) 45 8 62 L haversine, arc 3 ... 9-017388 

difference (D) ... 20 5 48 .-.arcS 37**38'30" 



To fimd Arc 4. To find Arc 5. 

Arc 2 9r 34' 0" L sin pol. dis. at G. B. 9986177 

arc3 37 38 30 „ sin Z.D. at G. B. ... 9938890 



.-.arc 4 53 55 30- „ haversine, arc 4 9-312977 

„ haversine, arc 9*238044 

arc 49** 9' 15" 

vers arc 0345919 

P.D.atG.B. ..• 75° 37' 10" 55 

Z.D. atG.:B. ... 60 18 48 ...vers difference 0035443 



difference 15 18 22 28 



vers colat 0381445 

363 

colat 5r 47' 22" "82 

90 



.-. latitude...38 12 38 N. 

50. September 17, in latitude by account 36"* 45' N., the 
following altitudes were observed at the same time : 

Obs. Alt. a Orionis. Trne Bearing. Obs. Alt a Leonis. True Bearing. 

55^ 1' 30" SE. by E. 45^ 13' 30" SSW. 

The index correction was + 55", and height of eye 8 feet. 
Bequired the true latitude. 

Ans. Arc 1, 62° 27' 10" ; arc 2, 88° 14' 45" ; 
arc 3, 38° 14' 0" ; lat. 36° 44' N. 

51. February 20, in latitude by account 36° 40' N., the follow- 
ing altitudes were observed at the same time : 

Obs. Alt. Sirins. True Bearing. Obs. Alt. Spica. Tme Bearing. 
27° 50' 8. 45° W. 12° 56' S. 66° E. 
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The index correction was + 1', and height of eye above sea 10 
feet. Eequired the true latitude. 

Ans. Arc 1, 96** 10' 30" ; arc 2, 108^ 5' 15" ; 
arc 3, 5r 39' 15" ; lat. 36° 36' 45" N. 

52. May 1, in latitude by account 41** 20' N., the following 
altitudes of stars were taken at the same instant. Bequired the 
true latitude. 

True Alt. a Pegasi. True Bearing. True Alt. a Tauri. True Bearing. 

62M4' S. byE. 19° 26' 20" E. 

Am. Arc. 1, 79° 0' 15" ; arc 2, 78° 3' 30" ; 
arc 3, 26° 55' 0" ; lat. 41° 22' 30" N. 

53. March 2, in latitude by account 41° 20' N., long. 60° E., 
the altitudes of the two following stars were observed at the same 
time. Bequired the true latitude. 

Trne Alt. a Andromeda. Trae Bearing. Trae Alt a Tauri. Trae Bearing. 
73° 14' S. 12° E. 18° 27' 30" E. 

Am. Arc 1, 62° 9' 30" ; arc 2, 66° 11' 0" ; 
arc 3, 15° 8' 45" ; lat. 41° 23' N. 

54. January 2, in latitude by account 32° 10' N., the following 
altitudes of the stars a Pegasi and a Aquilse were observed at the 
same instant : 

Obe. Alt. a Pegasi. True Bearing. Obs. Alt. a Aqniln. Trae Bearing. 
22° 49' 27" E. by S. 57° 29' 60" SSE. 

The index correction — 15", and height of eye above the sea 
41 feet. Bequired the true latitude. 

Am. Arc 1, 47° 46' 45" ; arc 2, 91° 34' 0" ; 
arc 3, 31° 24' 30" ; lat. 32° 43' N. 

55. December 27, the following altitudes were observed at the 
same instant, in latitude by account 37° 10' N. Bequired the true 
latitude. 

True Alt. /3 Orionis. Trne Bearing. Trne Alt. a HydrsB. Tme Bearing. 

31° 5' 11" S. 56° W. 39° 47' 33" S. 40° E. 

Am. Arc 1, 62° 30' 0" ; arc 2, 94° 42' 0" ; 
arc 3, 58° 5' 0" ; lat. 37° 13' N. 
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Elements from * Nautical Almanac* 

Star's Bight Asoension. 

a Leonis 10*» 0°» 5-8» 

a Ononis 5 46 479 

Spica 13 17 7-4 

Sirius 6 38 23-8 

aTauri 4 27 30 

aPegasi 22 57 4-0 

a AndromedaB 23*4 

a Pegasi 22 57 8-5 

aAquite 19 43 182 

i8 Ononis 5 7 155 

a Hydra 9 20 8*2 



SUi 


r'g Deolination. 


12» 


43' 


24" 


N. 


7 


22 


23 


N. 


10 


21 


30 


8. 


16 


30 


52 


S. 


16 


11 


30 


N. 


14 


22 


24 


N. 


28 


14 


11 


N. 


14 


23 


8 


N. 


8 


28 


12 


N. 


8 


23 


5 


S. 


8 





15 


S. 



The limits for favourable observation of a pair of stars are 
similar to those given for the smi on page 256, and a list of 
suitable couplets is given in Shadwell's * Star Tables.' 

In selecting a couplet of stars or a star and planet, for simulta- 
neous observation, those should be avoided which at their meridian 
passage pass very near the zenith, or which pass the meridian the 
one north and the other south of the zenith. 

The heavenly bodies selected ought to pass the meridian either 
both between the zenith and the elevated pole, or both on the 
equatorial side of the zenith. 

When there is only one observer, the altitude of the body 
farthest from the meridian should be taken first, then that of the 
other body, and then again that of the first observed, the altitude 
of this at the times of observing that nearest the meridian being 
obtained by proportion, the times of observation being carefully 
noted. 

If it is proposed to find the time from either observation, one 
of the stars should be on or near the prime vertical, or in the case 
of the sun the observation employed which is farthest from the 
meridian ; the hour angle or angular distance from the meridian 
is readily found from the triangle P z x (fig. 134), in which sin 

sm 7 TC 

z p X = — .— sin arc 4. It will also be remarked that a double 
cos lat 

altitude can be calculated from an observation of a star or planet 

at twilight combined with that of the sun at some preceding or 

following date, the polar angle being the difference of their right 

ascensions at the instant of taking the second observation. 
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Note. — It appears anneoessary to investigate any further problems depending upon 
the direct solution of double altitudes, such as those given by Ivory in 1821 and 
Biddle in 1822, since in practice the methods given in Chapter XIY. are so much 
more commonly employed. 



APPENDIX, 

As an appendix to the chapter on latitude, we give some methods of less frequent 
use than those already described, but which it appears desirable to retain as being of 
occasional service. 

Latitude by Altitude near Meridian, above PoIbj withotU using estimated Latitude. 

A direct method of finding the lati- 
tude from an observation near the 
meridian, in which the latitude by 
account is not required, may be ob- 
tained from the following investiga- 
tion : ^ 

Given the altitude of a heavenly 
body off the meridian above the pole, 
its hour angle and declination ; to find 
the latitude. 

Let NWSB represent the horizon, 
N z 8 the celestial meridian, and z a 
heavenly body near the meridian, p the 
pole, and z the zenith. 

Let hour angle z p z = /i, 
polar distance p z»j>, 
zenith distance z x=90®-a, 
a being the altitude. 
From X drop a perpendicular z h tipon the meridian. 
Let PMsa;, z H=y, and z h = 0. 

Then the oolatitude f z = 9;— y, when the perpendicular x m does not fall between p 
and z, as in the figure; and colatitude v z^x + y, when the perpendicular falls be- 
tween p and z : this will be seen by constructing a figure. (The position of the per- 
pendicular X H with respect to the points p and z may in most cases be easily deter- 
mined by the observer when the altitude is taken.) 

1. To find p H or sc. In the right-angled triangle f h z, 

cos fc^ootjp . tan x, /, tan a; = tan p . cos 7t . . . . (1) 

2. To find z M or y. In the right-angled triangle x p m, cos jp = cos «; . cos x. 
In the right-angled triangle z x h, cos z x, or sin a=co8 y . cos e. 




Dividing one equation by the other, to eliminate cos z, we have 

.*. cos y . cos j7 =oos x . sin a, 

oTOOBy = aeop . cos a; . sin a . . 



cos 



cos X 



sm a cos y 



(2) 



FormulsB (1) and (2) will determine x and y, and thence the colatitude -a; ± ^ is 
known. 

* This method was given in Bobertson's Namgation, 1796. 
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In finding the latitude by fonnuIaB (1) and (2) it will be neceesary to attend to the 
magnitude of the polar distance ; for tan x will be positive or negative aooording as 
the polar distance is less or greater than 90®; but the value of tan x, and also that 
of cos y, are readily found in the usual manner by putting the proper signs, + or -, 
over the given quantities. 

When the declination is small, or p nearly equal 90^, the tan and sec most be 
taken out accurately from the logarithm tables. 

This method is of course equaUy applicable to a heavenly body near meridian below 
pole, and when the time is well known may be used in either case when the body is 
even at a considerable distance from the meridian. 

When the declination (N. or S.) is less than 1°, and the hour angle or the angular 
distance from the meridian less than 80 minutes, the following simple rule is 
applicable : 

In fig. 135, under the supposed circumstances, p ic=p x (vezy approximately), and 
X Ma A (very approximately) ; 

/, cos Z X = cos X M cos Z H, 

or sin a = cos A cos z m ; 
.'. cos z M = sin a . sec ^ 

From this the value of z m is found, and on applying to that the declination the 
latitude is determined. 



Example. — On Dec. 8, at sea, the following observation was taken near the meridian. 
Time by watch, ll*" 20*° 23'; corresponding true altitude of the sun, 29° 36' 45"; 
comparison with chronometer (Z — W), O"" 8" 7' ; ohron. slow on G, M. T», 0* 10^ 32* ; 
approximate latitude, 37® N. ; longitude, 7° 30' E. 

Time by 1 ^^, g^^S- ^^- *^« 1 7-46- ^ ^^"^ *^' ®" ^• 

watch,WJ add to M. T.J p 112 46 3 



Z - W 8 7 



p 112 46 3 
tan X = tan p ooah and cos^=: sinaooesBecp 



Chron. Z 23 28 30 

Error 10 32 10377067 9*691612 

G.M.T. 23 39 2 9-998832 9-688666 

Longitude 30 E. 10-375899 10-412297 

L.M.T. 24 9 2 a? = 112° 49' 15" 9-692674 

Eq.tune 7 46 y= 60 29 60°29'0" 

Hour-angle, h 16 48W. a;-y« 52 20 15 

True latitude 37 39 46 N. 

A method by which in the process of calculation the azimuth is obtained as weD 
as the latitude is as follows {see fig. 136, page 267). 

In spherical triangle p z x. 

Sin az = S^^Q^^ .... (1) 
Smz 

In right-angled spherical triangle p x m. 

tan p m = cos A . tan p .... (2) 

In right-angled spherical triangle z x m. 

tan z M = cos az. tan z . • . • (3) 

Thence latitude = 90 - (p m - z m) ~* 
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DonwEs's Method of Double Altitudbs. 

The following method of obtaining the latitade from a doable altitude of the smi was 
proposed in 1754 by Cornelia Donwes, examiner of sea officers and pilots onder the 
College of Admiralty at Amsterdam, and was formerly much used at sea.* 

In fig. 186, drawn on the plane of the horizon, let p and z represent the pole and 
senith, and S| and s, two positions of the sun, whose zenith distances Z| and z, have 
been obtained at an interval apart represented by the hour angle s^ p s,, which has been 
measored by a watch. 

Let the unknown angnlar distances from the meridian z p s„ z p a,, be represented 
by hi, h^ and let it be assumed that the polar distance p s, does not change during the 
time of obBervation. 

In triangle p z s, cos «! «co8 p z cos p B| + sin p z sin p S| cos h^ (1) 
p z 8, cos e^=eoB p z cos p Si +sin p z sin p s, cos ^ (2) 
.'• cos 0i^QOB iv,= sin p z sin p s, (cos ^ — cos /i,) 
2 sin^ {e + Si) 8in^(0— 0,) = 2 sin p z sin p s, sin } {h + h^ sin } (^-^ 



, sin 



h±Ib= sin^(g + g,)sini (g-gi) 
2 



sin p z sin p s, sin ^ {h^ — h^ ' 

From the original equation (2) we have — 

COB 0, = co8 p z cos p 8,+ sin p z sin p s, cos ^ 

= 008 (p 8,-p z)— 2 sinpsgsinpzsin'^ 

•'. CO6(PB,-Pz) = cos0, + 2 sin p s^sinpzsin' ^ 

From this, with an assumed value of p z, the value of (p s,— p z), and hence of pz, 
can be determined. 

Fig. 136. 
N 




Should the resulting latitude differ much from that assumed, the problem must be 
reworked with that new latitude. 



' Mr. Douwes received 502. from the Commissioners of Longitude for his solution 
of this problem, which long continued in use in the Boyal Navy, although the direct 
solution had been published much earlier (1728). 

As this was the first, and for many years the only, method of solving the double 
altitude problem used at sea, it is retained in this book from its historical interest, 
though long since superseded in practice by better methods. 
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Douwes's method is only applicable where the sartie heavenly body has been 
observed twice, and is much simplified by the use of special tables given in the 
Beqaisite Tables of 1771. 

The above method with auxiliary tables was published in the Nautical Almanac 
of 1771, and the following were given as the limitations of application : — 

* 1. The operation is the same whether the sun has north or south declination 
and also whether the ship be in north or south latitude. 

' 2. The observations must always be taken between nine o'clock in the morning 
and three in the afternoon ; and the nearer the greater altitude is to noon, the better. 

* 3. If both observations are in the forenoon, the interval must not be much less 
than half the distance of the first observation from noon. 

' 4. If both observations are in the afternoon, the interval between them must not 
be much less than the distance of the first observation from noon. 

' 5. If one observation be in the forenoon, and the other in the afternoon, the 
interval must not exceed 4| hours. 

* 6. The above limitations are founded on a supposition that the sun's meridional 
zenith distance is not less than the latitude of the place ; but if the latitude of 
the place should be double the sun's meridional zenith distance, the first of two 
altitudes taken in the forenoon must not be before half-past nine, nor the second 
before three-quarters past ten. The first of two taken in the afternoon must not be 
later than a quarter past one, nor the second after half-past two. If one be taken 
in the morning and the other in the afternoon, that in the morning must not be 
taken before hcdf-past nine o'clock, and the interval between them must not exceed 
3J hours. 

* 7. If the latitude of the place be three times the sun's meridional zenith distance, 
the first of two observations taken in the forenoon must not be before ten o'clock, nor 
the second before eleven. The first of two taken in the afternoon must not be later 
than one o'clock, nor the second after two. If one observation be taken in the fore- 
noon, and the other in the afternoon, that in the morning must not be before ten, and 
the interval between them must not exceed 3 hours. 

* 8. If the latitude be five times the sun's meridional zenith distance, the first of 
two observations taken in the forenoon must not be before half-past ten o'clock, nor 
the second before a quarter after eleven. The first of two taken in the afternoon 
must not be later than three-quarters past twelve, nor the second later than half -past 
one o'clock. If one be taken in the forenoon, and the other in the afternoon, the 
morning one must not be before half -past ten, and the interval between them must 
not exceed 2^ hours. 

* 9. If the latitude be twelve times the sun's meridional zenith distance, the first of 
two observations taken in the forenoon must not be before eleven o'clock, nor the 
second before half-past eleven. The first of two taken in the afternoon must not be 
after half -past twelve, nor the second after one o'clock. If one be in the forenoon, 
and the other in the afternoon, the morning one must not be before eleven o'clock, 
and the interval between them not more than an hour and a half. 

* 10. If the preceding remarks be attended to, the latitude found by the calculation 
will be at least five times nearer the truth than the latitude by account ; that is, the 
error in the computed latitude will not be above a fourth part of the difference between 
them : and hence a judgment may be formed whether it will be necessary to repeat 
the computation with the latitude last found or not.' 

Latitude by Three Altitudes at Equal Intervals apart. 

The problem of finding the latitude from three observations of the sun near 
the meridian when the apparent time is unknown received much attention in the 
eighteenth century; the only case of any practical use is that where the three 
altitudes are separated by equal intervals of time. 
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The following simple solution is that given by Chauvenet,* and depends on the 
fact that, since near the meridian altitudes vary as the squares of the hour angles or 
angular distances from the meridian {see page 371), the meridian altitude will equal 
either of the observed altitudes plus the square of the hour angle multiplied by some 
constant quantity k.^ 

Thus, if hf h\ and W are three altitudes of the sun observed near the meridian at 
equal intervals of time x apart, then if t represents the unknown hour angle of the 
middle observation the hour angles of the first and last will be t— a; and r + 2;, and if 
a is the meridian altitude 

a = h '¥k(r-xf 

a=h' +ki^ 

a = h" + k{r + xy. 

Subtracting half the sum of the first and third equations from the second, we 
find 

The difference of the first and third equations gives 

• " kx' h'-i (h^h") 

This value of k t*, which maybe substituted in the second equation, gives a, or the 
required meridian altitude. 

This method can also be conveniently applied to observations of the stars and 
planets under favourable circumstances. 

Example.— On Nov. 25, at 8^ 48"" a.h. mean time nearly, the following true alts, of 
the planet Venus, near the meridian, were observed at equal intervals respectively of 
7*° 42', to determine the latitude. 



Here 



True Alt. Venus. 
h IT 46' 20" 
h' 77 6 20 
h" 76 11 40 

h^h"= 1° 34' 40" 



\(h^h") = 



94'-67 
23-67 



Mer.alt. = /.'.HJHfe^n}' 



(23'67)« 

7-33 
560-27 



=;i'+ 

7-33 
= /i'^76'-43 

= 77° 6' 20"+ loi6'26" 
= 78° 22' 46" 



Planet's dec. 



h-vW* 



4° 62' 34" S. 



h!^ 



2 

h' 

~"2~ 



Or 



76° 69' 


0" 


77 6 


20 


» 7 


20 


r 7'- 


33 



Whence in the usual manner we obtain, — 

Mer.ZD =11° 37' 14" N. 
Ped. = 4 52 3 4 S. 
latitude 6 44 40 N. 



* Spherical and Practical Astronomy, vol. i. ; it was also explained by La Caille in 
1760. 

a h ,.*»«,4*fl««+« COS I COS d sin' 15' , ^,«, 

AC represents ■ . — .^- (seejitLge 249). 

2 sm (I + d) sm 1" ^ ^^ ' 
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Note. — It is only necessary to remark farther, that the observationB in this method 
are not restricted to the same side of the meridian — ^the only requisite condition being 
the equality of the intervals between them. 



liATirUDE BY GOHBINSD ALTITUDES. 

The following method of obtaining the latitude on the principle of the star doable 
altitude, in which the elapsed (sidereal) time is equal to the difference of right 
ascensions of the two stars, was originally given in Lynn's Navigation^ 1825, and 
with the aid of Shadwell's * Star Tables * affords a short and simple mode of obtaining 
the latitude. 

In figs. 137 and 138 let p and z represent the pole and zenith, w and b being two 
stars having a smaU difference of right ascension. Let p w, p e represent portions of 
two circles of declination, and z w, z b, z Ej portions of circles of altitade. 

If the altitude of w, the western star, is observed, and after a sidereal interval equal 
to their difference of right ascension the altitude of the eastern star e is observed, b 
will evidently at that instant, owing to the rotation of the earth, occupy a position e, 




Fio. 188. 




on the same circle of declination- as that which passed through the original position 
of w. 

Then in the triangle z Ej w are known the three sides, viz. the two zenith distances 
z E|, z w, and e, w (the difference of declination of the stars), from which the angle 
Ej, w z can be found. 

Again, in the triangle p z w the two sides p w, z w are known, being the polar 
distance and zenith distance of the star w, and the included angle p w z having been 
found as above, the oolatitude p z can be determined. 

The accuracy of this method of observing star double altitudes is greatest when 
the difference of bearing of the two stars is as nearly 90° as possible, a condition 
which may be approximated to by selecting stars which have a small difference of right 
ascension and a considerable difference of declination. 

In order that errors of altitude may affect the resulting latitude least it is desirable 
that, when practicable, one of the stars should have a low altitude near the meridian, 
and the other a high altitude near the prime vertical ; the altitude of the star first 
observed requires, of course, the usual correction for run in the interval. 

The calculation is simplified by a table given in Shadwell's ' Star Tables.' 
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Latitude by Change of Altitude near the Prime Vertical. 

On page 870 it will be shown that on or near the prime vertical the change of 
altitude of a heavenly body varies as the change in the hoar angle or change in 
alt. = 15 change in hoar angle x sin azimuth x cos lat. • 

.-. 008 l»t. = — «^?^" ''"^*- coeeo azimuth. 
15 . change m tmie 

When very near the prime vertical, or within a few minutes of it, cosec azimuth 
may be considered to equal unity, and this formula gives a method of obtaining the 
latitude without any reference to the Na/utical Almanac. 

Thus, if during an interval of 3" 31' the altitude when very near the prime vertical 
changes 81' 80", 

cos lat. = }^-^,^ .'. lat. = 68« 20'. 
15 X 211 

The best results would be obtained with only one setting of the sextant by observing 
on such occasions how long it takes for the sun to risi) or fall its own diameter. This 
method can only at sea be conmdered a very rough one. 
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Chrono- 
yneter 



Jtalaaoe 



CHAPTER X. 

Chronometers— Prineiple of balance— Longitude by chronometer^Son chronometer 
—Star chronometer — Lunar observationB — Son lonara — Star Innars— Lunari by 
calculated altitudes— Longitude by equal altitudes. 

A CHBONOMETEB may be considered as a watch of superior con- 
struction, having a special mechanism fitted to it, by the action of 
which the rate of losing or gaining is made approximately uni- 
form at all temperatures. Could this be accurately constructed 
the indications of such a chronometer when once set to Green- 
wich time and afterwards corrected for accumulated rate would 
always show the exact time at Greenwich independent of the 
position of the ship.^ 

As in ordinary watches, the moving power of a chronometer is 
a powerful coiled steel spring, which in seeking to uncoil imparts 
a circular motion to the drum in which it is placed. This circular 
movement is transferred to the hour, minute, and second hands 
by means of toothed wheels, the motions of which are regulated 
by the escapement, whose movement only allows one tooth of the 
wheel against which it presses to escape at a time. 

The movement of the escapement is regulated by the balance 
and spiral spring (hair spring), which latter acts the part of a 
pendulum to a clock ; one end of the spiral spring being fixed, its 

* Watches were known in 1580, when it was proposed by QemmaFrisius to employ 
them for measuring differences of longitude ; their great variations with changes of 
temperature prevented this being carried out until the invention of the compensation 
Valance by Harrison in 1785. 

An idea of the uncertainty at that time (1785) with regard to a ship's position at 
sea may be formed from the terms of the reward originally offered by the Qovemment 
in 1714 for the discovery of the best way of ascertaining longitude. A sum of 20,0002. 
was offered for any method which would give the longitude at sea within 80 miles, 
15,0002. if within 40 miles, and 10,0002. if true within 60 miles. 

Harrison's watch (that for which he ultimately received the full award) lost 1 min. 
54-5 sees, between November 6, 1761, and April 2, 1762, during an experimental 
voyage from England to the West Indies and back ; this watch is preserved in good 
working order at the Boyal Observatory, Greenwich. 

The reader should refer to a very interesting paper on the ' Ship's Chronometer ' 
in the Journal of the U.S. Institution, Feb. 1890. 
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elasticity causes it, when drawn to one side of its position of 
equilibrium, to spring back, causing each time a movement of the 
escapement which enables the wheel against which it presses to 
move over the space of one tooth ; the spiral spring is attached to 
the balance wheel and imparts to it its own motion ; the balance 
wheel moves the escapement. 

In an ordinary watch no provision is made for the changes in ck>mpenfl^ 
the spiral spring caused by temperature ; thus in a warm place 
the spring is not so elastic as it is at a mean temperature, and 
therefore it rebounds more slowly, and hence the wheelwork 
moves more slowly and the watch loses, while the reverse of this 
occurs in a cold place ; to obviate this change of rate the compen- 
sated balance was invented by Harrison in 1735 and modified to 
its present form by Le Eoy, the principle involved being that 
when the spring was less elastic it should be given less work to do, 
and vice versd. 

In fig. 139, s represents the spiral spring attached to the 
balance a b ; this instead of forming a complete wheel made of 
one metal, as in ordinary watches, is made Pia. 139. 

of two different metallic strips* joined 
together, each forming a nearly semicircular 
arc and carrying upon it a small weight w^ 

The metals are selected from those which 
expand and contract at different known rates, 
and are so proportioned that when, owing to 
an increase of temperature, the spiral spring becomes less elastic, 
the arms of the balance bend inwards (owing to the unequal ex- 
pansions of the metals), the weights w,, w, are brought nearer 
the centre, and thus the weakened spiral spring has less work to 
-do in moving backwards and forwards the attached balance, and 
therefore the rate at which it moves the escapement is the same 
as at first : in a similar way when, owing to a decrease of tem- 
perature, the spiral spring becomes more elastic, the arms of the 
balance by bending outwards carry the attached weights farther 
from the centre, thereby increasing the work performed by the 
spring in moving them to and fro, thus again equalising the rate 
of movement of the escapement. 

The adjustment of the position of these weights is a matter of 
great delicacy, but as the chronometers supplied to H. M. ships 
are very carefully selected and tested at the Eoyal Observatory, 
Oreenwich, they are for the practical purposes of navigation 

> Usually brass and steel, the steel strip being im^> 

T 2 
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considered to be perfectly adjusted for all temperatures, and usually 
no corrections are applied for changes of climate.^ 
Box ^ono- Every large vessel is supplied from the Boyal Observatory with 
three equally good large (or box) chronometers,* some being con- 
structed to run two days others eight days. The former are wound 
daily at the same hour and the latter usually weekly, the winding 
being gently continued until the key cannot be turned any more. 

These chronometers are never disturbed from their selected 
positions in the chronometer room. 

The object of supplying ships with three chronometers is that 
by comparing day by day the differences between the comparisons 
of each of the three pairs a good idea can be formed of their 
respective performances. Thus, witlli three chronometers, z, a, 
and B, the quantities z— A, z— B and A— B (representing the 
indications of these chronometers at the same instant) are re- 
corded every day in the Chronometer Journal. The diflferences 
between these quantities on successive days (second differences) 
should always be equal to one another if each chronometer of the 
pair is steadily maintaining its rate, and from the regularity or other- 
wise of these second differences it can be seen which of the three 

> Tests for ohronometers supplied to the Boyal Navy were first established at the 
Boyal Observatory by an Admiralty order of June 26, 1821, when the Government 
offered to purchase the best of each year for 300Z. and the next best for 2001., 
provided at least ten were sent for competition; these rewards have been dis- 
continued since 1835. For the first few years the chronometers were subjected to no 
change of temperature beyond that experienced in an ordinary room ; but they are 
now, during this period of trial (six months), subjected to a heat test by being placed 
in a chamber heated to 95^ F., those being rejected whose weekly rate varies more 
than ten seconds. 

A chronometer under trial in 1886 at the mean open air temperature of 60^ F. had 
a mean weekly rate of 1'6 seconds losing ; and the same chronometer, when tested at 
a mean temperature of 92® F., had a mean weekly rate of 2-9 seconds losing. 

In practice, therefore, in the Boyal Navy no correction to rate for change of 
temperature is applied unless experience shows that the compensation is not so 
perfect as intended. In the mercantile marine, whose chronometers are generally 
tested at the Observatory at Bidston, Liverpool, the plan is adopted as originally 
proposed by Pierre Le Boy in 1754 of finding the rate for each 5° change of tempera- 
ture ; for a description of the method employed the reader is referred to Wrinkles in 
Navigation^ and as an illustration of the success attending this mode of treatment 
we append the following extract from the Monthly Notices of R,A,S. for February 
1886: 

' During 1885 264 chronometers were tested at the Liverpool Observatory, and 
from a discussion of the records of performance of the chronometers of the Pacific 
Steam Navigation Company during twenty-six voyages from Liverpool to Valparaiao 
and back, by giving equal weight to each of the three chronometers carried by eaoh 
dhip, the mean error of longitude for an average voyage of 101 days Was under three 
miles.' 

* Flagships have five. 
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is working best. It is unnecessary to directly observe a— b, since 

(z— B)-(Z— A)=A— B. 

The practical benefit of a system of daily comparisons is that 
a guard may be kept on the steadiness of the rates. For instance, 
take the case of the chronometer marked a ; the record gives the 
daily values of z— a. If the daily rates happened to be the same,; 
z— A would remain a constant quantity ; if, as is the general rule,: 
the rates were different, z— a would vary by a quantity equal to' 
the algebraic difference of their rates; if the rates remained 
uniform, the second difference would remain constant; therefore,: 
if the second difference should not remain uniform, it would show! 
the rate of z, of a, or of both was changing, and in case there is; 
a third chronometer it may be useful in pointing out which one 
of the other two was going astray. 

If, then, on examination of the records of the daily differences 
z— A and A— B, it be observed that the second difference of the 
daily value of A— B remained constant, while that of z— a was 
irregular, we may safely infer that chronometers a and B are 
going steadily, and that z is altering ; if, on the other hand, we 
perceived that the second differences of z— A and A— B were both 
irregular, whil6 that of z— B remained steady, it would indicate 
that A was the culprit, and that z and B retained their original 
rates. The performances of any other chronometers could be 
similarly investigated. 

Of course, with but three, a direct comparison can be readily 
made between a and b ; but in case of a larger number the 
system of indirect comparison is absolutely essential. 

The following will give the reader an idea of suitable forms 
for Chronometer Journals : 



Form No. I. 

Chronometer Journal for Record of Daily Comparison 
of Chronometers. 



Bate. 


Bar. 

in. 
99-91 


1 


OhroD. A. 


J- 


ObroiLB. 


1 


Chrome. 


1 


« 


Remarks. 


Snn. 
JaiLlflt 


790 


b. m. 8. 

z 9 16 

10 60 7 


1l m. s. 

9 16 30 
7 90 1 




h. m. 8. 
9 16 
1 11 64 




c.s. 

W.R 


Heavy gale, 
much motion. 


3 S4 63 


6 66 99 


14 6 


Mon. 
Snd 


80-8S 


75 


ZS89 
11 U 5-3 


1 
1-7 


9 89 80 
7 43 48-8 


8 
19^ 


9 40 
1 86 66*6 


8 

1-6 


0.8. 
G.C. 


Confused 
czxmsea. 


3 84 64-7 


6 66 41-9 


1 4 4*6 



Digitized by 



Google 



278 



NAVIGATION AND NAUTICAL ASTRONOMY 



Form No. II. 
Chronometer Journal /or fair copy of comparisons, if required. 



Hack watoh 







^' 




t3 






S' 


S0 




Date 


Z-A 


1 


fc-B 


1 




z-c 


1 


lg 


Bemuks 


Jan. 


b. m. 8. 




h. nLS. 




h. 


m. 8. 




in. 




Soiul 


S84 53 




6 55 89 


S 
13-3 


1 


4 6 




39-91 


Heavj 8^. 






1-7 








1-5 


79*> 


much nwtioD. 


Mon.S 


S S4 64-7 


08 


6 56 41-3 


10-8 


1 


4 4-6 


0-8 


80-88 
74 


Oonfowd 
croessea. 


Tue8.8 


S 34 56 


0-8 


6 65 63 


1(M) 


1 


4 8-7 


1-0 


30-41 
70 


Less motion. 


Wed. 4 


8 84 55*8 




656 3 




1 


4 3-7 




80-84 
78 


Pine weather. | 



It must be noted that, for the purposes of comparison, it is 
best to consider the standard zfast of all other chronometers, no 
matter what may be the actual indications ; and also that all the 
chronometers maybe treated in a uniform manner, considered either 
all fast or all slow of local or Greenwich mean time, regard then 
being had to the algebraic signs of the quantities. 

Since, as has been already observed, change of temperature is 
supposed generally to be the principal cause of marked changes of 
rate, it is desirable that the temperature of the chronometer-box be 
duly recorded, so that if decided fluctuations of rate are observable 
in any of the chronometers, their cause may be sought among the 
records of the changes of temperature. A thermometer should 
therefore be placed within the chronometer-box, and its reading 
be recorded in the Chronometer Journal at the time of winding. 
The height of the barometer may also with propriety be noted 
at the same time. 

The times of making all observations (except meridian 
altitudes of the heavenly bodies other than the moon) are noted 
by a smaller portable chronometer termed a hack watch, which is 
usually constructed to beat 5 times in 2 seconds (box chronometers 
generally beat half-seconds), and which, being more liable to 
change from being carried about than the box chronometers, is 
compared with their indications at as near the time of observa- 
tion as possible. 

A list of the rates of the chronometers as obtained while at 
the Boyal Observatory is supplied with the instruments, and after 
placing them in the chronometer room on board and setting 
them going, every opportunity is taken of determining their daily 
errors and rates in harbour and at sea. 
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The methods of doing this will be described in Chapter XII. 

On page 180, when explaining the connection between Green- Loniritudo 
wich and local time, it was shown that this depended entirely on "** *"^® 
the relative positions of the meridians passing through Greenwich 
and through the place of an observer. 

The longitude of a place may, therefore, conversely be defined 
as the angle at the pole, expressed in degrees or hours (mean solar 
or sidereal), included between the meridian of the place and that 
of iS-reenwich; this angle is measured in both directions from 
that latter meridian. 

The difference of longitude between two places is the angle at 
the pole included between their meridians. This is equivalent 
to defining difference of longitude as difference of the right 
ascensions of the celestial meridians of two places or the difference 
of corresponding local times. 

If, then, by astronomical or other means we can in any posi- 
tion on the globe determine at the same instant both the ship 
time and the Greenwich time, the difference between them, 
expressed in hours and fractions of an hour, usually of mean 
solar time, will be the longitude in time, or the same quantity 
multiplied by 15 will give the. longitude in arc. 

The Greenwich mean time under all ordinary circumstances Chreenwioii 
is known at any instant at sea by observing the time shown by ^^^ 
the chronometer, and applying to that the original error on 
Greenwich mean time, together with any error which may have 
accumulated since that original error was ascertained.^ 

The Greenwich mean time may also be known from astro- 
nomical observations if the observer at any part of the world 
knows the Greenwich mean time at which some phenomenon 
occurs which is also visible to him. 

Such phenomena are eclipses of the sun, eclipses of Jupiter's 
satellites, occultations or eclipses of stars by the moon, and lunar 
distances, or angular distances of the moon from the sun and 
certain stars and planets. 

The first three of these astronomical methods have not hitherto 
been of any practical utility at sea, owing to the diflSculty arising 
from the motion of the ship preventing such observations being 
accurately made with a telescope ; they are, however, of great 
use in determining positions on shore, and are fully described in 
works on Practical Astronomy.^ 

* The mean of all the box ohronometers is at first employed, bat when time has 
shown any one superior to the others that is selected as the standard. 

' As an illustration of the results attainable by shore observations ol eclipses of 
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The last method (lunar distances) , affording the only mode at 
sea of obtaining Greenwich mean time independently of a chrono- 
meter, will be described after the more ordinary method of 
finding the longitude has been illustrated. 
Ship mean The ship mean time (which is compared with the results of 

either of the two methods of obtaining Greenwich mean time) is 
found by observations of some suitably situated heavenly body, 
from which its hour angle can be calculated. 

The theory of the methods by which such hour angles are 
obtained and by which they are converted into mean time has 
been fully explained in the chapter on Hour Angles, but for more 
convenient reference we give the following detailed and con- 
secutive proof of the various parts of the important problem 
known as the * Sun Chronometer.' 

Note.— Observations of hoar angles for the determination of longitude are most 
accurately made when the heavenly body employed is on the prime vertical, or, in th^ 
event of its not crossing that circle, either (1) when the angle at the body between 
the pole and senith is 90^, and it is therefore not moving in azimuth, or (2) when it 
attains an altitude of not less than S^ or 10^ {see pp. 365, 366) and Inman's Tables, 
Nob. 87, 38. 

When the declination of the heavenly body observed does not fall within the 
limits of these tables, the time before or after that of meridian passage when it is on 
the prime vertical is found by adding L cot lat. to L tan ded., the sum (rejecting ten) 
being L cos hour angle ; the true altitude when on that great circle being found by 
adding to the L sin decl. the L cosec lat., the sum (rejecting ten) being the L sin true 
alt. required. 

When circumstances do not admit of making observations on the prime vertical, 
fairly good results maybe obtained between the equator and lat. 80^ when the bearing 
of the body observed is not within 30° of the meridian, and between lats. 80^ and 50° 
when it is not within 40°. 

LONGITUDB BY SUN ChBONOMBTER. 

The rule for finding the longitude by means of an altitude of 
the sun and the time at Greenwich determined by means of a 
chronometer involves proofs of the following : 

1. The investigation of a rule for finding the apparent time. 

2. Proof that mean time = apparent time ± equation of time. 

3. Proof that longitude in time equals the difference between 
Greenwich mean time and mean time at place — west if Green- 
wich mean time is the greater, east if Greenwich time is the 



the sun the following may be of interest : In 1766 Captain Cook detennined the 
longitude of Eclipse Island (one of a small group oil the south coast of Newfoundland) 
to be 57° 86' 80" W., and in 1874 the same spot by telegraphic determinations was 
found to be in 67° 86' 52" W. 
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1. Let NWSB represent the horizon (figs. 140, 141) ; nzs 
the celestial meridian, and w z B the prime vertical. 

Let X be the place of the heavenly body. Draw the circle of 
declination p x R, and the circle of altitude z x. 

Let declination=BX=:(2; zenith distance=szx=jar ; latitude 
=ZQ=Z; andletzpx=fe. 

From spherical trigonometry we have 



Hav z p x= ^hav (z x + p X/^p z) . hav (z x— p x^v z). 

sin . p X . sin . p z. 
Now p Xf^T zssl^d. 

+ when latitude and declination are of opposite names. 
^ when latitude and declination are of same name. 



Fxo. liO. 




Therefore 

Hav fe= 
Or 



V'hav (Z'k-l±d) . hav (z-l±,d). 
cos d . cos I. 



Hav hsssec d . eecl . \/hav (^+i±d) . hav (^ — i±d). 
But when the sun is west of the meridian, apparent time^h. 
And when the sun is east of the meridian, apparent time =24''— fe. 
Also hav fe=hav (24^ -A). 

Hence in all cases 

Hav apparent times 

sec d .^cl \/hav{7+(i^5)}~hav {z^(l;^d)}in logs. 

L hav apparent times 

L sec (i + Lsec Z+i L hav{;? + (Ztd)} + iLhav {if-(Ziei)}-20. 
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Hence the rule : 

Put down the latitude and under it the declination. Take the 
difference if the names be alike, but the smn if unlike* Under 
the result put the zenith distance, and find the sum, also the 
difference. 

Add together L sec lat., L sec dec, half the L hav of the sum 
and half the L hav of the difference. Beject 20, and we get the 
L hav of the apparent time to be taken out at the top of the page 
if the' sun be west of the meridian, but at the bottom of the 
page if the sun be east of the meridian. 

If using the alternative formula on page 204 the rule will be : 
Take (S), half the sum of altitude, latitude, and polar distance. 
From this subtract the altitude (S — a). Add together L sec lat., 

Fio. 143. 




E W 




L cosec polar dist., L cos S and L sin (S — a) ; reject 20, and half 
the sum will be L sin half the apparent time. 

2. To prove that mean time = apparent time ± equation of 
time. 

In fig. 142, 143, let £ Q w q' represent the celestial equator. 

p „ the pole. 
Q p q' „ the celestial meridian. 
Let X be the place of the true sun, 
Mp Mg be two positions of the mean sun. 
Then 

Q p Ml (westward) = Q p x (westward) —x p m^ 

i.e, mean time = apparent time— equation of time, 



or 



Q p Mg (westward) = Q p x (westward) +x P m^ 

i.e. mean time = apparent time + equation of time. 
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Fio. 144. 



3. To prove that longitude in time equals the difference 
between Greenwich mean time and mean time at place. West 
if Greenwich time is the greater, East if Greenwich time is the 
less. 

In fig. 144, let p G p', pap', p b p' be meridians through 
Greenwich, and through two places a and b, the former in west 
longitude, the latter in east longitude. 

Let p M p' be the declination 
circle through the mean sun. 

Then g p m = Greenwich 
mean time, a p M=mean tinie 
at A, B B Ms=mean time at b, 
G p A = longitude of A (west), 
G p B= longitude of B (east). 
Then 

G P A=G P M — AP M, 

or longitude of a (west) = Green- 
wich mean time— mean time 
at A ; and 

G P B = B P M — G P M, 

or longitude of b (east) = mean 
time at b— Greenwich mean time. 

Sept. 23, at 4'' 42" p.m. mean time nearly, in latitude 50° 30' N., Brampie. 
and longitude by account 110° 0' W., when a chronometer showed ^iS^ ^^ 
ll** 59™ 30", the observed altitude of the sun's lower limb * was 
11° 0' 50", the index correction -3' 20", and the height of the 
eye above the sea 20 feet. Required the longitude. On August 21 
at Greenwich mean noon the chronometer wUs fast on Greenwich 
mean time 0" 45-5", and its daily rate was 5*-7 losing. 




San*B declination. Eq. of Time SemL 

Ship, Sept. 23 4" 42- Sept. 23 0<> 6' 5T' S. Sept. 23 7» 41*8« sub. from ▲ t 16' 58' 
long, in time 7 20 W. corr. . . 11 43 oorr. . . 10*4 



Gr., Sept. 23 . 12 2 



18 40 



7 52-2 



Interval of time 
from Aug. 21 
to Gr. date . 33<* 12^ 



Var. in 1 hour 68-47" 
Hours sinoe noon 12*03 



17641 
11694 
5847 



0-868* 
1203 

2604 
1736 
868 



703-3941 or 11' 43" 10-44204 



Usually the mean of three or five obserrations. 
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Dwlyrate 5-7' losing Obe. ftlt 11° 0' 60" 

33 index eorr 3 30 — 

171 

171 dip 



1881 
12^ i 2-8 oorr. in alt. 

60) 190-9 



10 


67 
4 


30 

24- 


10 


53 

4 


6 
46- 


10 


48 
15 


21 

58 + 


11 

90 


4 


19 



accnmnlated loss ... S*" 10*9 semi 

chion. showed ll** 69 30-0 

12 2 40-9 

original error 46*6 fast. .*. zenith distance 78 65 41 

/. Or., Sept 23 ... 12 1 56-4 or 12-03 hrs. 

Latitude 60*» 30' 0"N log. sec 0-196490 

declination 18 40 S „ sec 0-000006 

50 48 40 iL.hav(S) 4-966810 

zenith distance ,.. 78 55 41 i„ hav (D) 4-3854 45 

sum 126 44 21 (S) L. hav 9-538751 

difference 28 7 1 (D) 

ship app. time 4'» 48" 7" 

equation of time 7 52*2— 

ship mean time 4 40 14*8 

Greenwich mean time 12 1 65-4 



longitude in time 7 21 40-6 

/. LOHOITTOB 110« 26' 9"W. 

If using the alternate method given on page 204 the work will 
be as follows : 

Alt IP 4' 19" 

Lat 50 30 00 sec ... 0196490 

P. D. 90 18 40 cosec 0-000006 



2)161 52 59 



8 = 76 56 29 cos. ... 9-385442 
S - a = 64 62 10 sin. ... 9*956813 



2) 19*638761 



sin. * = 9-769876 

,-. § = 2''24"3*5- 

and A as before =: 4>> 48- 7' 

Example. April 18, at 9^ IS"* A.M. mean time nearly, in latitude 50** 48' N., 

Sun east of \ i 

meridian and longitude hy account 1** 0' W., when a chronometer 
showed 9** 27°* 48% the observed altitude of the sun's lower limb 
was 38** 15' 15", index correction 3' 40'—, and the height of the 
eye above the sea 20 feet. Eequired the longitude. On April 1, 
at Greenwich mean noon, the chronometer was fast 1" 58"7» on 
Greenwich mean time, and its mean daily rate was 1] '2" gaining. 
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Son's Declination. 
April 18 ... 10*> 67' 47" 

oorr 2 19 

10 66~28 

Var. in 1 hoar 
Hoars from noon 



Ship, April 17 21»' 18™ 
long, in time 4 W. 

Or., April 17 21 22 



Interval from 
Ap. 1 at noon 
to Greenwich 

date 16* 21i»' 

or 16-89* 



Daily rate 11'2* gaining 

No. of days 16-89 

3878 
1689 
1689 



N. 



Eq. of Time. 
4 0" 46-l*sub. 
1-6 



Semi. 
16' 66" 



62-68" 
2-64 

21072 
81608 
10636 

139-0762 



43-6 

~^682- 
2*64 

""2328^ 
8492 
1164 



1-63648 

Obs. alt W 

index corr 



16' 16" 
8 40- 



189*168 sec. 



dip 

corr. in alt. 



38 
38" 



11 36 
_4_24- 

7 11 
1 48- 



accom. gain . 
chro. showed . 

original error 



or 3" 9-2* 
27 



38 



24 
1 



. 9-2. 

48-0 
38-8 
68-7 fast. 



semi. ... 
tme alt . 



6 23 

16 66 + 



38 
90 



21 19 



zenith distance 61 38 41 



9 
12 



22 40-1 A.U. 



Or., April 17 ... 21 22 401 or 21-36 hrs. 

Latitade 60° 48' 0"N. . 

declination 10 56 28 N.. 



aenith distance 



61 



sam 91 

difference 11 



.log. sec 0-199263 

. „ sec 0-007943 

62 32 iL.hay (S) 4-866173 

38 41 ^ „ hav (D) 4010890 

31 13 (S) L.hav 9^3269 

46 9 (D) 

ship apparent time 211" 19" 0* 

eqaation of time 43-6- 



+ 15 

+ 061 
-613 

-"39* 



= 4*6 sec 



ship mean time 21 

Greenwich mean time 21 

longitade in time . . . 

LONOITUDS ..« 



18 



16-4 
40*1 



4 23-7 



1«» 6' W. 



Note.— As a safeguard in calcolating the hoar angle by this method, it may be 
observed that the zenith distance is always greater than the line above it. 

The longitude thus found is that corresponding to the time of 
observation, and the latitude employed in the calculation is gener- 
ally that obtained by dead reckoning from some previous determi- 
nation, and may be considerably in error. This error is ascertained 
when observations are subsequently taken at noon, and the 
chronometer may be reworked with the correct latitude. 

In practice, however, the error in the hour angle (and there- 
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fore in longitude), arising from an error in latitude of one mile 
more, is found by taking by inspection from the tables the corre- 
sponding changes in the logarithms, and writing them as shown 
in the preceding example, whence it is seen that the above ob- 
servations worked with latitude 50^ 49' would give an hour angle 
of 4-6 sec. more, and therefore in this case a longitude 1^' less 
than is obtained by working with latitude 50'' 48' ; that is, an 
error of 1 mile of latitude occasions in this case an error of 1^' 
of longitude of an opposite sign, more latitude giving less longi- 
tude and vice versd {see footnote, page 368). 

The longitude at time of sights {V 6' W,) is corrected to noon 
for the ship's run in the interval, and then if it is found from 
observations of the sun that the supposed latitude is 5 miles dif- 
ferent from the truth a correction of 5 x 1^' is applied with the 
proper sign to the supposed longitude at noon.^ 
Bzampiet 1. Sept. 25, at 4*^ 20" P.M. mean time nearly, in latitude 59° 

30' N., and longitude by account 112** 30' W., when a chrono- 
meter showed 11** 44™ 20", the observed altitude of the sun's lower 
limb was 10° 50' 10", the index correction + 6' 10", and height of 
eye above the sea 18 feet. Bequired the longitude. On Sept. 20, 
at noon G. M. T., the chronometer was fast on Greenwich mean 
time 0™ 30-7", and its daily rate was 10-5" losing. 

Arts. 112° 33' W. 

2. May 30, at 3^ 10" p.m. mean time nearly, in latitude 
30° 12' 0" S., and longitude by account 156° 0' E., the observed alti- 
tude of the sun's lower limb was 21° 8' 40", when a chronometer 
showed 4*" 44™ 56% the index correction— 1' 10", and the height of 
eye above the sea 30 feet. Bequired the longitude. On May 19, 
at noon G. M. T., the chronometer was fast 5™ 16' on Greenwich 
mean time, and its daily rate was 3*5' gaining. 

Ans. 156° 23' E. 

3. July 8, at 1^ 40™ p.m. mean time nearly, in latitude 50° 48' 
N., and longitude by account 1° 1' W., the observed altitude of 
the sun's lower limb was 65° 2' 10", the chronometer showed 
jh 44m 148^ tije index correction + 1' 25", and the height of eye 
above the sea 24 feet. Bequired the longitude. On July 1, at noon 

* This correction may be obtained by inspection from a table pnblished by Mr. 
A. C. Johnson, R.N., or from Table 35 of Inman's Tables ; the earliest of snch oseful 
tables is probably that by Lient. L. G. Heath, ILN., given in the Nautical MagoMmt 
for 1S46. 

Some observers take ont the difference of hour angle occasioned by ten or more 
miles difference of latitude, and allow by proportion for the actual error when found. 
The correction may also be found by substitution in the formula : 

Error in hour angle - error in lat. x cot azimuth x sec lat. (see page 867). 
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G. M. T., the chronometer was slow on Greenwich mean time 8°* 
18-4% and its daily rate was 3-5' losing. Avis. V T 30" W. 

4. January 20, at 6^ 40™ a.m. mean time nearly, in latitude 56** 
20' S., and longitude by account 83° 10' W., when a chronometer 
showed 0*" 14" 50», the observed altitude of the sun's lower limb 
was 20** 20' 30", the index correction -1' 30", and the height of 
the eye above the sea 20 feet. Bequired the longitude. On Jan. 
2, at noon G. M. T., the chronometer was fast on Greenwich mean 
time 5" 20", and on Jan. 6, at noon G. M. T., it was fast 4" 52", 
from which may be found its mean daily rate. 

Ans. 83** 5' 30" W. 

5. Feb. 10, at 7** 50" a.m. mean time nearly, in latitude 50** 
48' N., and longitude by account 170** 30' E., when a chronometer 
showed 9** 59" 25% the observed altitude of the sun's lower limb 
was 51** 9' 10", the index correction -3' 20", and the height of 
eye above the sea 16 feet. On Jan. 31, at Greenwich noon, the 
chronometer was fast 1** 34" 43", and its daily rate was 20-6" 
losing. The run from time of sights to noon was S.E. (true) 45 
miles, when the D. E. lat. was found to be 5' north of that by 
observation. Eequired the longitude at noon. Ajis. 171** 26' E. 

6. May 14, at 7^ 20" a.m. mean time nearly, in lat. 50** 50' 
N., and longitude by account 4** 10' E., when a chronometer 
showed 7** 0" 20", the observed altitude of the sun's lower limb 
was 27** 20' 10", the index correction -7' 20", and the height of 
the eye above the sea 19 feet. On April 24, at noon G. M. T., 
the chronometer was slow on Greenwich mean time 1" 10-5", and 
its daily rate was 5-7" losing. The run from time of sights to 
noon was N. 35** W. (true) 51 miles, when observation showed the 
ship to be 6' north of her reckoning. Find the longitude at noon. 

Ans. 3** 18' E. 

Elements from * Nautical Almanac' 
Son's Declination. Equation of Time. Semi. 

Sept. 25..., 0^53' 47'' S 8» 23-0- sub. ... 16' 59" 

Var. in 1 hour 58*49" increasing... Var. in 1 hour .., 0*857" increasing 

May 29 21** 38' 43" N 2" 56-4» sub. ... 15' 47" 

Var. in 1 hour 23-10" increasing... Var. in 1 hour ... 0-320" decreasing 

July 8 22<>29' 9" N 4« 40-9- add ... 15' 45" 

Var. in 1 hour 17'15" decreasing... Var. in 1 hour ... 0*388" increasing 

Jan. 20 20** 8' 22" S 11™ 19-2« add ... 16' 16" 

Var. in 1 hour 82'74" decreasing... Var. in 1 hour ... 0-728* increasing 

Feb. 9 14** 41' 33" S 14« 31-0- add ... 16' 13" 

Var. in 1 hour 48'29" decreasing... Var. in 1 hour ... 0052" increasing 

May 13 18** 19' 29" N 3" 52-4» sub. ... 15' 51" 

Var. in 1 hour 86*87" increasing ... Var. in 1 hour ... 0026* increasing 
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Bxample. 
Star west of 
meridian 



Example. 
Star east of 
meridian 



Longitude by Stab Chronometer. 
Sept. 10, at T' 15" p.m. mean time nearly, in latitude 48** 20' N., 
and longitude by account 32** E., when a chronometer showed 
5h im 28«, the observed altitude of a Bootis (Arcturus) W. of 
meridian was 31** 5' 40", the index correction —4' 10", and 
height of eye above the sea 20 feet. Kequired the longitude. 
On Aug. 25, at noon of G. M. T., the chronometer was slow on 
Greenwich mean time 2™ 40», and its daily rate was 4*3* gaining. 

Ship, Sept. 10 
long, in time 

Gr., Sept. 10 



1^ 15°* Daily rate . . 4-3' gaining. 
2 8 E. interval 160 S*". 16 



Btar*8 R. A. 
star's decl. . 



14'* 
19*» 



8- 36' 
69' 44" 



R. A. Mean Sun. 
Sep. 10 sid. \ 

time at Gr. I ll"" IS" 2815'accum.rate 
mean noonj 
corr. for 5^ 49'38 chro. shows 5 

3-" . 0-49 5 

r! a. mean ^ ohg. error . 





268 




43 




68-8 


i 


0-7 


i 


0-2 


60 


69-7 



Obs. alt. 
in corr. 


... 31° 5' 
4 


40" 
10- 


dip 


31 1 
4 


30 
24- 


ref. 


30 67 
1 


6 
37- 




30 65 
90 


29 



1» 9*7' 



1 280 

18-3 

2 40*0 slow. 



zen. dist . . 69 4 31 



sun at time 1^ 11 19 17-92 Gr. M. T. . 6 2 68-3 
of obserr. ) 

Latitude 48< 

declination 19 



20' 
69 



0"N. 
44 N. 



zenith distance 

sum 

diff 



69 



20 

4 



16 
31 



87 
30 



47(8) 
15(D) 



log. sec 0-177312 

„ sec 0-027003 

iL.hay(S) ... 4-839463 

i „ hav (D) ... 4-423295 

L.hav 9-467063 



,*. hour angle 
star's R. A. .. 



4'* 22- 15- 
14 8 36 



sidereal time 18 

R. A. mean sun . 11 

ship mean time 
Gr. mean time 



30 
19 



50 
18 



7 11 32' 
6 2 68 

long, in time 2 8 34 

/.long 32^ 8' 30" E. 

May 24, at IV' 11"^ p.m. mean time nearly, in latitude 50** 48' 
N., and longitude by account V Q' W., when a .chrpnometer 
showed 11^' 12" 11-8*, the observed altitude of a Lyrae (Vega) E. 
of meridian was 54® 51' 30", the index correction —3' 46", and 

^ Mean time at ship may also be found as follows : < 

Ship sidereal time (S. S. T.) = star's hour angle + star's R. A. ; • - 
Greenwich sidereal time (G. S .T.) « ship sidereal time ± longitude in time. 

Then ship mean time = G. M.T. of preceding transit of first point of Aries ^ 
retardation for G. S. D. + S. S. T. 
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height of eye above the sea 25 feet. Eequired the longitude. 
On May 14, at Greenwich mean noon, the chronometer was slow 
1" 15-8", and its mean daily rate was 7-4» losing. 



Ship, May 24. ... U** 11" Daily rate 7-4- 

long, in time ... 4 interval, 10* ll** 16" 10 

Or., May 24 ... Tr~i6 |"^fo 

2-6 



0b8.alt. .. 
index corr. 



64«> 61' 30" 
3 45- 



8tar*8 R. A. 
star's decl. 



18»» 31" 42* 
38° 88' 24" N. 



0-6 
0-3 

01 



dip 
ref. 



e'^isi 
1 „i 

16" „ i 
Right Ascension Mean Son. qq^ 77.5 

May 24 sid. \ acoum. rate . 1" 17-5' zon. dist. 

time at Gr. V 4»» 8- 43-6e- ^^^0. showed 11** 12 11-8 
mean noon ) 

Corr. for 11^.. 1 48*42 original error 

,. 14-... 2-30 

„ 46-... 0-13 



54 47 

4 

54 42 



45 
65- 

46- 



54 

90 



42 



35 17 55 



11 



13 

1 



29*3 
16-8 



G^.T 11 14 451 



4 10 34.41 

Latitude .-. 60° 48' 00"N. 

deolination 38 38 24 N. 



zenith distance 



12 
35 



9 
17 



36 
65 



sum 47 

difference 23 



log. sec 0-199263 

„ sec 0*107300 

i L. hav (S) ... 4*604673 

i „ hav (D) ... 4-302209 

L.hav 9-213445 



27 31 (S) 
8 19(D) 

Hour angle 20'» 49" 13' 

star's right ascension 18 31 42 

sidereal time 39 20 65 

right ascension mean son 4 10 34 

ship mean time 11 10 21 

Greenwich mean time 11 14 45 

longitude in time 



4 24 = 1° 6' W. 



7. Aug. 20, at 0^ 30°^ a.m. mean time nearly, in lat. 50** 20' N., 
and long, by account 142** 0' E., when a chronometer showed 
2h 4im ]^2», the observed altitude of the star a Aquite (Altair) was 
36** 59' 50"west of the meridian, the index correction +6' 30", 
and height of eye above the sea 20 feet. Bequired the longitude. 
On August 1, at noon G. M. T., the chronometer was slow on 
Greenwich mean time 17" 45", and it daily rate was 4-3" losing. 

Am, 142** 14' 15" E. 

8. Sept. 10, at 4*» 21" a.m. mean time nearly, in lat. 40"* 36' 
N., and longitude by account 73"* E., when a chronometer showed 
11^ 21" 56% the observed altitude of )3 Geminorum (Pollux) was 
39** 0' 10" east of meridian, the index correction —4' 10", and 
height of eye above the sea 20 feet. Bequired the longitude. 
On Aug. 20, at noon G. M. T., the chronometer was slow on 

u 
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Greenwich mean time 3"* 19-9", and its daily rate was 9-3* 
gaining. Ans, 72^ 41' 15" E. 

9. January 16, at S^ 0" p.m. mean time nearly, in lat. 49** 56' 
50" N., and longitude by accoimt 90** 30' E., when a chronometer 
showed 2^ 24™ 30", the observed altitude of a Leonis (Begulus) was 
8*» 4' 20" east of meridian, the index correction —4' 20", and 
height of eye above the sea 25 feet. Eequired the longitude. On 
January 1, at noon G. M. T., the chronometer was fast on Green- 
wich mean time 5" 30-5', and its daily rate was 5'6" losing. 

Ans. 86° 5' E. 

10. January 20, at 8^ 30" p.m. mean time nearly, in latitude 
50** 48' N., and long, by account 7** 10' E., when a chronometer 
showed 8^ 32" 50", the observed altitude of e Leonis was 28'' 0' 
10" east of meridian, the index correction —6' 20", and height of 
eye above the sea 20 feet. Bequired the longitude. On January 
2, at noon G. M. T., the chronometer was fast on Greenwich 
mean time 30" 30", and its mean daily rate was 155" losing. 

' Ans, T 19' E. 

Elements from * Nautical Almanac' 
Sidereal Time at Gr. Mean Noon. Star's Bight Asoen. Star's Dedn. 

Aug. 19 9^50"46-5- 19M3" 170' 9^28' 7" K 

Sept. 9 11 14 31-6 7 35 486 28 23 40 N. 

Jan. 16 19 43 72 10 88 12 43 6 N. 

Jan. 20 19 57 559 9 37 83 24 28 33 N. 

Bemarks The longitude is obtained by planet or moon chronometer in 

precisely the same way as that by star chronometer, except that 
the declination and right ascension are corrected for the Green- 
wich date. Moon, planet, or star chronometers, when taken by 
day or at twilight, are considered as trustworthy as those calculate 
from sun observations, but the rapid changes in position of the 
moon necessitate careful correction of the declination and right 
ascension, the former at times changing 2^' and the latter 26 
seconds in ten minutes of time. 

Unless the rate of chronometer is large it is usual to consider 
the chronometer fast or slow on G. M. T. at ship mean noon, and 
to consider from one noon to the next as a whole day of 24 hours, 
thus disregarding change of longitude in the interval. 

Longitude by Lunab Obsebvations. 

The moon in its motion round the earth is seen continually to 
change its distance from' the heavenly bodies lying near its .path. 
The angular distances of some of these (9 fixed stctrs, 4 planets, and 
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the sun) have been computed and recorded in the ' i^aiitical 
Almanac for intervals of every three hours — namely, at ni.^,' VI.**, 
IX.**, Ac, Greenwich mean time.* The quantities thus inserted, 
in the Nautical Almanac are the true distances; that is, the 
angular distances as supposed to be measured from the centre of 
the earth and unaffected by refraction. An observer at any place 
on the surface of the earth can also measure the angular distiemce 
between the moon and one of these stars by means of a sextant ; 
bat the distance so observed is the apparent distance, and before 
it can be compared with the true distance in the Nautical 
Almanac f it must be corrected for the effects of parallax and 
refraction, so as to obtain the true distance between the two^ 
bodies at the moment of observation. 

The formula about to be investigated will enable us to find the 
true distance from the apparent or observed distance. This is 
technically termed clearing the distance. If the trae distance 
thus computed is exactly the same as that inserted in the Nautical 
Ahnanac for some given hour at Greenwich, we have found 
Greenwich mean time when the observation was taken. But this 
coincidence must rarely happen ; the computed true distance will 
generally come out between two of the recorded distances : to 
obtain the Greenwich mean time corresponding to that distance 
a simple proportion is generally only necessary, as vnD be seen 
hereafter. 

The mean time at place at the instant the observed distance is 
taken can be readily found in the same manner as in the rule for 
finding the longitude by chronometer (page 284) — namely, by 
observing the altitude of a heavenly body * and computing its hour 
angle, and thence ship mean time. 

The method of finding the longitude by a lunar observation, 
therefore, divides itself into two distinct parts. 

> The nine lufiar diitanoe stars ojre a Arietis, a Taori (Aldeh<Mran), $ Qeminoram 
{Pollux), a Leonis {RegtUiu), a Virginis {Spiea), a Soorpii (Aniares), a Aquile (Altaif), 
a Piscis Aostralis (FonuUhaut), and a Pegasi (Markab) ; the four planets are Veans, 
Mars, Jupiter, and Satnm. 

A bodT is said to be ' in distance ' when its angular distance from the moon lies 
within the limits given in the NatUical AJma/nac, these limits being from about 20^ 
to 140^ 

The path of the moon among these heavenly bodies is well shown on a chart in 
Harbord's Glossary of Navigation, 

* This need not be the heavenly body whose distance from the moon is measured, 
and oiroumstances may necessitate the ship mean time being found at some time 
before or after the observations for distance ; in these cases a correction for run must 
be applied {ses page 224). The observations for longitude by lunar with altitudes 
observed can also often be made available as a double altitude for latittide, 

V 2 
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To dear the 
diBtanoe 



Fig. 145. 



(1) To find Greenwich mean time. 

(2) To find ship mean time. 

The former is deduced from the observed distance ; the latter, 
in the usual way, from an observed altitude of some heavenly 
body. 

Lunars are very rarely employed in the practice of navigation, 
but are rightly retained as an important feature in the instruction 
of junior officers, nor is it difficult to imagine in time of war many 
circumstances which would probably arise (such as the navigation 
of prizes) when this method of finding the longitude would be the 
only one available. 

In a paper pubUshed in the Philosophical Transactions for 
1797 Mendoza Bios investigated no less than forty different for* 
mulfld for clearing lunar distances. 

Given the apparent distance, and the apparent and true 
altitudes of the two bodies ; to investigate a formula for computing 
the trtie distance. 

Let s' be the apparent place of the heavenly body, as the sun 
or star; then, in consequence 
of refraction and parallax, the 
former exceeding the latter, its 
true place will be below s', as at 
s, in a vertical plane (if we sup- 
pose the effect of parallax to take 
place in a plane passing through 
the true zenith z, which it does 
very nearly). Let m' be the ap- 
parent place of the moon ; then 
its true place will be above m', 
since the moon is depressed more 
by parallax than it is raised by 
refraction ; let, therefore, its true 
place be supposed to be at m, in a plane passing through z. 
Through m' and s' draw the arc of a great circle m' s' ; this arc 
will be the apparent distance found by observation. Through m 
and s, the true places of the heavenly bodies, draw the arc of a 
great circle m s. The arc m s is the trtie distance to be computed. 
The true distance M s may be found by the common rules of 
spherical trigonometry ; ^ but it will be more readily obtained by 




* In the triangle m' z s' we know all three sides, vis. the two apparent zenith 
distances z m' and z s' and the apparent distance u' s' between the moon and heavenly 
body from which the angle m' z s' can be fonnd. Then in the triangle m z s we know 
z u, z 8 the true zenith distances of the moon and heavenly body and also the indnded 
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means of a special formula or rule, which will determine the true 
distance in terms of the ver sines y since the table of versines is cal- 
culated to the nearest second. 

Investigation of Forrmilafor Clearing the Distance? 

Let z be the zenith of the observer ; then, if we suppose the 
effect of parallax to take place in a vertical circle,^ z m' and z s 
are circles of altitude. 

Let z^zUf the trvs zenith distance of the moon, 
jgr^scZ s, the triLe zenith distance of the sun or star, 
a=the apparent altitude of the moon, 
a^ =the apparent altitude of sun or star. 

Then ZM'=90*'-a, and z s'=90°-ai. 

Let eZ=M' s', the apparent distance of the centres of the 
two bodies, 

and D=M s, the true distance of the centres ; 

it is required to investigate a formula for computing d. 

T i. • 1 „ ,- « ^« r, cos D — cos z . cos z. 

In triangle z M s, cos z= -. ; ^ 

sin s' . sm z^ 

r, ,-/ of ^^« r, COS d— sin a . sin a, 

„ Z M' S', COS Z=r ■* 

COS a . COS at 
COS D— COS z . COS z^^to% (? — sin a . sin a, 
sin ;? . sin z^ cos a . cos a^ 

cosD— cos;8f.cos;8fi ^ =^^^ tZ — siu a . sin a^ ^ 
sin « . sin z^ ^ cos a . cos a^ 

cos D—(cos^ . cos ^1— sin ^ . sin z^ _ 
sin z . sin z^ 

c os d'\' (cos a . cos g^— sin a . sin a^ ; 
cos a . cos a^ 

angle mzs, from which data us, or the true distanoe between m and s, can be 
^caleolated. 

The principal objection to this direct form of calculation arises from the trouble of 
interpolating for seconds in the logarithmic tables. This, however, may be partially 
obviated by taking the apparent altitudes and apparent distance to the nearest quarter 
of a minute, and altering the true altitudes in such a way that the differences between 
the apparent and true altitudes remain as before. Then, after the true distance is 
calculated, the seconds omitted from the apparent distance are applied to it. Thus 
in the example on page 295 the a/pparewt altitudes of the sun and moon would be 
taken as 34® 21' 30" and 57° 11' 30", while the true altitudes would be changed to 
^4" 20' 12" and 57'' 40' 16"; the apparent distance would be taken as dS"" 47' 80" and 
•6" subtracted from the calculated true distance. 

* First given in this form by Erafift in 1791. 

' This is not rigidly correct (see page 878). 
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.. COSD— COB (^ + ;?i)_COS d + C08 (a + a,) . 
sin «. sin ^j cos a . cos a^ 

sin z . 



or cos D— cos (;8r + ;8rj)s=|cos d+cos (a + ai)} 



cos a . cos a, 



Assume '- ^=2 cos a (a being an auxiliary angfle) ; 

cos a . cos «! ^ ^ J 6 / ' 

/. cos D— cos {z + z^^i cos A . |cos cZ+cos (a + a^)} 

=2 cos A . cos <Z + 2 cos A . cos {a + a^ 
= cos (d + A)+cos (d^A)H-cos (a+ai + A) + co8 (a+aj^^A) 

.-. 1 — C08D = 1 — cos (;8r + ^i) + l — COS (<Z + A) + 1— COS (i^A) + l 

—COS (a + ai + A) + l— COS (a + ai-^A)— 4, 
.-. vers D=vers (Z'\-z^ +vers (d + A) + vers (d^A) +ver8 (a + aj + A) 

+vers (a+ai'^A)— 4. 

But tabular versine^lOOOOOOxversine. Beducing the formula 
to tabular versines and clearing of fractions, we shall see, since 

vers D= ^^^^^ ^- andvers (. + .,) = ^b vers (^4-^,) ^^ 
1000000 1000000 

tab vers Ds=tab vers (-sr + ^i) + tab vers (d + A) +tab vers {d^A) 
+ tab vers (a + ©i + a) + tab vers (a + ai'^A)— 4000000 ; 

or, suppressing the word tabular, it being understood that the 
formula is expressed in terms of tabular versines, we have 

vers Dl= vers {z + z{i + vers {d + a) + vers (d'^A) + vers (a + «! + a) 

+ vers (a + a^^h) - 4000000. 

From which expression the true distance D may be computed, 
when the true and apparent altitudes and the apparent distance 
are known. 

Before, however, this formula can be used, the value of the 
auxiliary angle a must be computed, and formed into a table ; 
this has been done, and may be found-in Inman*s Tables, No. 34. 

The auxiliary angle A may be computed as follows : 

Construction of Table of Auxiliary Angle A. 

Let it be required to compute the value of a, when the true 
zenith distance of the moon ^=32^ 19' 50", the apparent altitude 
of the moon a =57° 11' 25", true zenith distance of sun ^i = 
55^ 39' 46", and apparent altitude of sun ai=34** 21' 32". 

. «. t\ sin z . sin z. 

Smce 2 cos a= * = sm ;? . sm ;8r, . sec a . sec a„ 

cos a . cos »! 

.'. in logarithms, 

L cos A=L sin z-^-li sec a + L sin ^i+L sec aj— 30-301030. 
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Calculation. 

L sin z 9-728194 

„ sec a 10-266120 

„ sin^Tj 9-916839 

„ seoai 10083273 

39-994426 
30-301030 



„ cos A .., 2-693306 /. a=60^ 25' 15". 

And in the same manner may other values of A be computed 
for any given apparent altitude of the moon, the argument of the 
table. 

NoTS.— After a4<iing to the valae of the aaziliary angle a taken from Table No. 34 
(Inman*s Tables) the correction for 5€C07m2s of.hor. par. given at the Bide, a further 
addition should be made depending upon the altitude of the body observed with the 
moon, and which for the sun (0) and stars («) is found in Table No. 34, and for 
planets in Table No. 52 (see Explanation of those tables). 

The value of the auuliary angle a always lies between 60^ and 61° since if there 

were no refraotion or parallax the value of ^^° ^ ^^° ^ , wonld equal i, and a would be 

cos a cos a 

€(^, the values of refraotion and parallax can never make a equal 61^. 

Bequired the true distance of the moon from the sun, having Example 
given 

App. dist. of the centres 36^ 47' 24" True alt. sun 34° 20' 14" 

app. alt. sun 34 21 32 true alt. moon 57 40 10 

app. alt. moon 57 11 25 auxiliary angle A ...60 25 15 

Sun's true zen. dist. z^ ...55° 39' 46" 
moon's true zen. dist. z 32 19 50 



z-k-z^ 87 59 36 vers 

apparent distance (2 35 47 24 

aux. angleA 60 25 15 

rf+A 96~12~39 vers 

d^K 24 37 51 vers 

moon's app. alt. a 57 11 25 

sun's app. alt. a^ 34 21 32 

91 32 57 

auxiliary angle A 60 25 15 vers 190848 

a+a, + A 151 58 12 vers 

a+ai^A 31 7 42 vers .. true dist 35*' 59' 13" 

In practice it is not necessary to take from the table of versines 
more than the last five figures, rejecting also aU but these last 
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five in the snin, since the tnie distance wiU be always either in the 
same column with the apparent distance, or the adjacent one.^ 

Find the true distance in the following examples : 

11. Sun's app. alt. is 30^ 29' 48" ; moon's app. alt., 60*^ 64' 40" ; 
moon's true zen. dist., dS"* 30' 40" ; sun's true zen. dist., 
59** 31' 46" ; the auxiliary angle a, 60** 24' 10" ; and app. dist.. 
88° 49' 58". Arts, True distance, 88° 24' 19". 

12. Sun's app. alt. is 64° 29' 30" ; moon's app. alt., 5° 26' 00" ; 
moon's true zen. dist., 83° 48' 30"^ sun's true zen. dist., 
35° 31' 0"; auxiliary angle A, 60° 2' 16"; and app. dist., 
105° 5' 47". Ans. True distance, 104° 26' 20". 

13. Sun's app. alt. is 17° 39' 30" ; moon's app. alt., 24° 13' 45" ; 
moon's zen. dist., 64° 56' 45"; sun's zen. dist., 72° 23' 20"; 
auxiliary angle A, 60° 12' 32" ; and app. dist., 111° 20' 45". 

Ans, True distance, 110° 56' 67". 

14. Sun's app. alt. is 54° 47' 5" ; moon's app. alt., 21° 20' 0" ; 
moon's zen. dist., 67° 51' 5" ; sun's zen. dist., 35° 13' 30" ; 
auxiliary angle A, 60° 10' 45" ; and app. dist., 71° 16' 44". 

Ans. True distance, 70° 38' 4". 

15. Sun's app. alt. is 12° 19' 30" ; moon's app. alt., 20° 40' 
20" ; moon's zen. dist., 68° 28' 19" ; sun's zen. dist., 77° 44' 40" ; 
auxiliary angle A, 60° 10' 52" ; and app. dist., 124° 44' 32". 

Ans. True distance, 124° 19' 10". 

16. Sun's app. alt. is 57° 53' 50" ; moon's app. alt., 35° 3' 0" ; 
moon's zen. dist., 54° 11' 56"; sun's zen. dist., 32° 6' 40"; 
auxiliary angle A, 60° 17' 66" ; and app. dist., '65° 34' 42". 

Ans. True distance, 64° 58' 7". 

17. Sun's app. alt. is 15° 43' 50" ; moon's app. alt., 16° 5' 6" ; 
moon's zen. dist., 73° 1' 30" ; sun's zen. dist., 74° 19' 30" ; 
auxiliary angle A, 60° 8' 35" ; and app. dist., 119° 44' 31". 

Ans. True distance, 119° 19' 52". 

18. App. alt. of a star is 20° 13' 25" ; moon's app. alt., 31° 17' 
20" ; star's zen. dist., 69° 49' 10" ; moon's zen. dist., 57° 57' 45" ; 
auxiliary angle a, 60° 15' 22" ; and app. dist., 72° 42' 16". 

Ans, True distance, 72° 33' 3". 

* The trae distance may be either greater or less than the observed distance 
according to the positions of the bodies observed, bat, under all pracUcai oircnm- 
stances of observation, they never differ by more than one degree — that is, the 
difference cannot under any circumstances exceed the sum of the two corrections for 
altitude. Thus with both bodies on the same vertical circle, and on opposits sides 
of the meridian, the true distance is found by adding to the observBd distance the 
difference between the corrections in altitude of the bodies. If the bodies are on the 
same side of the meridian the sum of the corrections added to the observed distance 
l^ves the true distance. 
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19. App. alt. of a star is 29*» 59' 15" ; moon's app. alt., ^2^ 30' 
10"; star's zen. dist., 60° 2' 25"^; moon's zen. dist., 56** 41' 30" ; 
auxiliary angle A, 60° 17' 24" ; and app. dist., 58° 44' 19". 

Ans. True distance, 58° 30' 21". 

The true distance d being thus calculated by means of the areenwioh 
preceding formula, the mean time at GreenwicTi corresponding »®*tt**»»e 
thereto may be found as follows : 

As the difference of distances in the Nautical Almanac for the 
three hours between which the computed true distance lies : 3 
hours : : difference between the distance in Nautical Almanac at 
the beginning of the 3 hours and the computed distance : t; t 
being the hours, minutes, and seconds elapsed from the beginning 
of the 3 hours. 

The quantity t is, however, usually found by means of pro- 
portional logarithms. 

The logarithm of 10800" (or 3 hours), diminished by the loga- proportional 
rithm of any other number of seconds (less than 3 hours), is termed logarithms 
the proportional logarithm of that number.^ 

Thus prop, log 2^ 42°^=log 10800-log 9720=0045767. 

It will be remarked that while common logarithms increase 
with the numbers of which they are the logarithms, proportional 
logarithms decrease. 

Let c2= difference of distances in 3 hours (taken from JV^au^icaZ 
Almanac), d'=difference between first distance taken out and the 
calculated distance, ^=time elapsed from the hour corresponding 
to the first distance taken out. 

Then df : d' : : 3 hours : t, /. td^Sd'; 

.-. log t + log d=log S^ + log d\ or log ^=log 3^ —log d + log d' ; 
.-. log 3*»-log t=^(Log 3*^ -log d) + (log 3^-log d'), 
or prop, log ^=prop. log d'— prop, log d. 

Then the time t thus found, added to the hour corresponding to 
the first distance in the Nautical Almanac taken out, will be the 
Greenwich mean time at the instant when the observation was 
taken. 

Given the sun's true distance (calculated from an observed dis- 
tance) =73° 51' 58", and two distances taken out of the Nautical 
Almanac as follows, namely, that at vi**=73° 23' 44", and at 
ix**=s74° 64' 7" ; to find Greenwich mean time when the observa- 
tion was taken. 

* Proportional logarithms were first calculated by Maskelyne and given in the 
Na/utical Almanac for 1767. See Inman*s Tables, No. 54. 
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prop, log ^=prop. log d'— prop. log d 

d!x^W 14" prop, log d' 8045 

d=Pa0'23" ptop. logd "i^Q^ {horn Nautical Almanac). 

.-. prop, log t 5053 .-. ^=0^ 56" 14" 

Time at first distance in Nautical Almanac ...6 

.-. Greenwich mean time =6 56 14, when the 

sun's true distance was 73** 51' 58". 
suampies November 22, the true distance of Saturn from the moon was. 

found to be IT 52' 45". Eequired Greenwich mean time when 
the observation was taken. 

True distance at observation IT 52' 45" 

in Nautical Ahnanac dist. at iii^ 77 14 40 

vi»^ 78 47 24 

prop, logarithm 6745 38 5 

2880 1 32 44 

3865 corr. in3™55- 

adding 3 

Greenwich mean time Nov. 22 4 13 65 

Find mean time at Greenwich from each of the following 
observations : 

20. November 24, when true distance of Aldebaran was 
93^ 38' 45". Am, 3»» 57™ 18'. 

21. Sep. 24, when true distance of Kegulus was 58"* 45' 8". 

Ans. Wl B^ 6\ 

22. Miy 27, when true distance of the sun was 110^ 8' 50". 

Ans. 14*» 2» 22*. 

Distances from * Nautical Almanac' 

Dist. Aldebaran, Nov. 24, at iii\,.93^ 7' 57".. .at vi\..94** 44' 42" 
„ Eegulus, Sept. 24.,,„xv...59 16 16 •.. „ xviii.,.57 47 27 
„ Sun, May 27 „mid...lll 12 57 ,.• „ xv...l09 38 38 

If the distance between the moon and a heavenly body 
increased or decreased uniformly y the above method would be 
strictly accurate, but a further correction for this want of uni- 
formity in motion should sometimes in practice be applied. 
This connection for second differences, as it is termed, forms No. 
55 of Inman's tables, and is of especial importance in the case of 
star or planet lunars. 

This table is used as follows : 

1. Find the approximate interval elapsed since the nearest 
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preceding hour given in the Nautical Almanac by the preceding 
rule. 

2. Take the differences between the proportional logarithm 
following the distance in the Almanac, and the proportional loga- 
rithms immediately to the left and right, and note the mean of 
these differences. 

3. With the approximate interval and this m^an difference, as 
arguments, take out the correction from the table. 

4. If the proportional logarithms are decreasing, add the cor- 
rection to the approximate time ; but if increasing, subtract it : 
the result wUl be the Greenwich mean time. 

Example, — Suppose it were required to find the Greenwich 
mean astronomical time at which the true distance between the 
moon and Antares would be 45'' 40' 8" about July 8 on a certain 
year, and that it appears, by inspecting the distances, that the 
nearest distance preceding it, in order of time, is that on July 8 «.t 
midnight, therefore, 

Disisjice bX midnight 46"^ 30' 56'' and P. L 2589 

2Vu0 distance 45 40 8 



Difference 50 48 P. L 5494 



Approximate interval l"* 32« 12* ... P. L 2906 

The proportional logarithm following the distance in the- 
Almanac is 2589, those immediately to the left and right are^ 
respectively 2570 and 2609 ; the differences are therefore 19 and 
20, and the mean of them, 20. 

Opposite to 1*^ 32" 12- (or the quantity nearest to it, 1^ 30"), 
and under 20 in the table, we have for the correction 6", which, 
subtracted from the approximate interval, 1^* 32" 12", because the 
proportional logarithms are increasing, gives 1^ 32" 6" for the true 
interval after midnight ; the Greenwich mean astronomicaJ time 
is, therefore, July 8, 13** 32" 6*. The omission of this correction 
would in this case produce an error of 1*5' in the longitude. 

It will sometimes happen that the mean difference of the 
proportional logarithms will exceed the limit of the table of cor- 
rection ; in this case the table may be entered with the approximate 
interval, and a/ny fraction of the difference and the corresponding 
correction increased in like proportion. 

The f oDowing is a fully calculated example of a lunar, followed Exampi©? 
by others for practice. 

Mar. 13, at 3*" 16° p.m. mean time nearly, in lat. 29° 50' N., and 
long, by account 40° 00' W., the following lunar observation was 
taken: 
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Obs. Alt. Son's L. L. Obs. Alt. Moon's L. L. Obs. Dist. N. L.> 
340 10' 40" 67** 2' 11" 86*> 16' 40" 

Index oorr. 110- 140- 040-1- 

The height of the eye above the sea was 17 feet. Beqnired 
the longitude. 

Ship, March 18 S*- 16- 

Longitnde m time 2 40 W. 

Greenwich, March 18 6 56 or 1*9 hrs. 

Elements from Nautical Almanac corrected for Greenwich 
date sun's declination 2*^ 53' 52" S. ; sun's semi. 16' 6" ; eq. of 
time, 9" 41* + ; moon's semi. 14' 58" ; moon's hor. par. 54' 13." 

Sun's Alt. Moon's Alt. Distance N. L. 

Obs. alt.... 84« 10' 40" Obs. alt. ... 57*» 2' 11" 86*> 16' 40" 

index corr. 1 10— index corr. 1 40— index corr. 40-1- 

34 ~~9 30 67 0~31 86 16 90 

dip 4 4- dip 4 4- son's semi. 16 6 + 

34 6 26 66 66 27 moon's semi. 14_5S+ 

semi 16 6+ semi 14 68+ app. dist. 36 47 24 

app. alt. ... 34 21 32 app. alt. 57 11 26 Aox. Angle. 

corr. in alt. 1 18- ^ . „,, ,28 88+ 60® 26' 7" 

corr. in ait. J 

true alt. ... 34 20 14 ^ 7 + corr. for sec H. P. 6 

sun's 2. D. 65~39"~46 *^'**'^*- ^^ ^ ^^ " .^ ?. 



60 25 16 



moon's Z. D. 32 19 60 



To find Ship Mean Time. 

Latitude 29^60' 0"N.... log. sec 0-061742 

sun's declination 2 68 62 S „ sec 0*000666 



32 43 52 
sun's zenith distance ... 65 39 46 



sum 88 23 38 ... ) L hav ... 4*843311 

difference 22 56 54 ... i „ hav 4*298380 

Lhav 9-203988 

Apparent time S"* 8- 36' 

equation of time 9 41 + 

ship mean time 3 18 17 

* N. L. and F. L. are used as abbreviations for nearer and farther limbs. The 
bright limb of the moon being always turned to the sun, the distance in a sun lunar is 
always measured to N. L. 

When there is only one observer, the altitudes at the time of observing the distance 
are obtained by proportion between altitudes observed before and after that time. It 
is recommended to observe first a single altitude of the body farthest from the 
meridian, then one of the other body, and then the distance, concluding with single 
Altitudes taken again in reverse order. 

The observation of a lunar distance with the altitudes observed furnishes data not 
only for the longitude but for the latitude by double altitude as well. 
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To find Greenwich Mean Time. 

Moon's zenith distance S2<' 19' 50" 

son's zenith distance 55 39 46 

87 59 86 vers 



moon's app. alt 57 11 25 

sun's app. alt 34 21 82 



sum 

auxiliary angle a . 

sum 

difference 



91 
60 



32 
25 



151 
81 



58 

7 



67 

16 

13 vers 
41 vers 



apparent distance 35 47 

auxiliary angle l 60 25 



sum 96 

difference 24 



0^ 
6 



12 
37 



24-4 
16 

40*4 vers 
51'6 vers 



85 

85 
37 



Versines 
64810 
82674 

43888 
07999 

90885 

90251 

605 

90856 

59 16 True Dist. 



174 
030 
102 
195 
104 
605 



56 

18 



2 
21 



58 at vi. hrs. 
„ ix. 

18 
2 



Greenwich mean time 6 5 

ship mean time 3 18 



7' 1-8936 

-3466 

"Y". 1-6469 

17 



Prop/logs 



longitude in time 2 46 50 

longitude 41 42 30 W. 

NoTB. — ^At night, when oironmstanoes admit of observing altitudes, a lunar taken 
with the moon and a star or planet is calculated in a precisely similar way to the 
above. 

If any of the arcs marked (vers) be greater than 180^, it must be subtracted from 
360°, and the remainder used instead of it. 

23. March 25, at 3»' 30" p.m. mean time nearly, in lat. 52^ N., 
and long, by account 33° W., the following lunar was taken : 

Obs. Alt. Sun's L. L. Obs. Alt. Moon's L. L. Obs. Dist. N. L. 

23° 10' 20" 23° 50' 10" 112° 56' 30" 

Index cor. 6 10— 5 0+ 4 20— 

The height of the eye above the sea was 20 feet. Eequired the 
longitude. Ans, Hour angle, 3^ 32" 9»; true dist., 112° 52' 49" ; 

longitude, 33° 1' 45" W. 

24. April 20, at 2^ 0" p.m. mean time nearly, in lat. 50° 50' N., 
and long, by account 1° 40' E., the following lunar was taken : 

Obs. Alt. Sun's L. L. Obs. Alt. Moon's L. L. Obs. Dist. N. L. 
43° 16' 30" 24° 39' 20" 69° 12' 0" 
Index corr. 10+ 20- 50— 

The height of the eye above the sea was 20 feet. Required the 
longitude. Am. Hour angle, 2^ 1" 25» ; true dist., 69° 11' 40" ; 

longitude, 1° 19' 9" E. 
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25. May 19, at 2»» 50~ p.m. mean time nearly, inlat. 51^30'N., 
and long, by account 20® 40' E., the *f oUowing lunar was taken : 

Obs. Alt. Son's L. L. Obs. Alt. Moon's L. L. Obs. Dist. N. L. 

42** 50' 30" 25® 10' 20" 61® 40' 20" 
Index corr. 4 10+ 6 10- 2 10 + 

The height of the eye above the sea was 20 feet. Required the 
longitude. Ans, Hour angle, 2^ 5T^ 20" ; true dist., 61® 44' 40" ; 

longitude, 20® 40' 24" E. 

26. Feb. 20, at 3*^ 50~ p.m. mean time nearly, in lat. 10® 20' 
N., and long, by account 7® W., the following lunar was taken : 

Obs. Alt. Son's L. L. Obs. Alt. Moon's L. L. Obs. Dist. N. L. 

30® 15' 40" 24® 10' 10" 100® 55' 10" 
Index corr. 3 10- 1 10+ 30 + 

The height of the eye above the sea was 20 feet. Bequired the 
longitude. Ans. Hour angle, 3^ 44™ 12- ; true dist., 100® 54' 54" ; 

longitude, 7® 3' 31" W. 

27. July 16, at 4*» 15~ p.m. mean time nearly, in lat. 25® 30' N., 
and long, by account 48® 18' E., the following lunar was taken : 

Obs. Alt. Son's L. L. Obs. Alt. Moon's L. L. Obs. Dist. N. L. 

34® 9' 25" 45® 42' 40" 93® 21' 52" 
Index corr. 2 10- 2 10+ 1 15 + 

The height of the eye above the sea was 20 feet. Bequired the 
longitude. Ans, 48® 13' 30" E. 

Elements from * Nautical Almanac.^ 

Son's Deolin. Eq. of Time. Moon's Semi. Hor. Par. q^ 

Mar. 26 r40'66"N. 6- 13-8- add Noon 14' 69" 64' 69" 16' 8" 

Var. in 1 hoor, 68-86" inor. -769* deer. Mid. 14 66 64 44 

Distance at iu. hoors, 111*> 83' 84" ; at vi. hoors, 112° 67' 16". 

Apr. 20 11" 28' 64" N. 1- 8-4' sob. Noon 16' 28-7" 66' 29-8" 15' 66" 

Var. in 1 hoor, 61-18" incr. -629' incr. Mid. 16 17-0 56 6-8 

Distance at noon. 68<> 14' 48" ; at iii. hoors, 69^^ 48' 48". 

May 19 19*> 41' 87" N. 8" 49-68' sob. Noon 16' 11-6" 55' 45-6" 16' 49" 

Var. in 1 hoor, 81-79" incr. •120- deor. Mid. 16 6-8 56 25-7 

Distance at noon, 61'' 0' 68" ; at iii. hoors, 62<> 27' 86". 

Feb. 20 10<» 55' 68" S. 14- 1-7' add Noon 16' 4-4" 68' 59-2" 16' 11" 

Var. in 1 hoor, 6406'' deer. -286- deor. Mid. 16 9-6 69 180 

Distance at iii. hoors, 100° 7' 60" ; at vi. hoors, 101^ 45' 50". 

Joly 16 21° 20' 18" N. 5» 460' add Noon 16' 51" 58' 66-7" 15' 46" 

Var. in 1 hoor, 260" deer. •24' inor. Mid. 16 1-4 58 42-2 

Distance at noon, 92° 49^ 59" ; at iiL hoors, 94° 27' 44". 

28. Jan. 8, at 7*' 0" p.m. mean time nearly, in lat. 50° 40' N., 
and long, by account 4** E., the following lunar was taken : 
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Obs. Alt. Aldebaran 
E. of Meridian Obs. Alt. Moon's L. L. Obs. Dist. F. L. 

45^ 20' 10" 30^ 30' 0" 71^ 31' 10" 
Index corr. 2 20- 2 10+ 3 30- 

The height of eye above the sea was 18 feet. Eequired the 
longitude. Ans. Hour angle, 2V' 36°^ S?" ; true dist., 70° 

42' 66" ; longitude, 3° 49' 16" E. 

29. Jan. 9, at 7*» 50™ p.m. mean time nearly, in lat. 49** 40' N., 
And long, by account 10° E., the following limar was taken : 

Obs. Alt. Pollux. 

E. of Meridian. Obs. Alt. Moon's L. L. Obs. Dist. F. L. 

37° 10' 10" 31° 50' 10" 103° 20' 0" 

Index corr. 1 10- 1 20+ 1 30 + 

The height of eye above the sea was 18 feet. Eequired the 
longitude. Ans. Hour angle, 19'^ 39°^ 51» ; true dist., 102° 

28' T' ; longitude, 10° 21' 54" E. 

30. April 18, at 9^' 40" p.m. mean time nearly, in lat. 56° 10' 
N., and long, by account 23° E., the following lunar was taken : 

Obs. Alt. a Virginis. 

E. of Meridian. Obs. Alt. Moon's L. L. Obs. Dist. F. L. 

19° 40' 0" 48° 40' 20" 91° 30' 20" 

Index corr. 1 10+ 1 20+ 30 + 

The height of eye above the sea was .20 feet. Bequired the 
longitude. Ans. Hour angle, 22^ 8" 54* ; true dist., 90° 

55' 19" ; longitude, 23° 5' 3" E. 

31. April 17, at 8^ 45" p.m. mean time nearly, in lat. 51° 20' N., 
and long, by accoimt 5° 10' E., the following lunar was taken: 

Obs. Alt. a Virginis. 

E. of Meridian. Obs. Alt. Moon's L. L. Obs. Dist. F. L. 

18° 15' 32" 36° 25' 10" 105° 33' 28" 

Index corr. 110+ 20— 020 + 

The height of eye above the sea was 20 feet. Required the 
longitude. Ans. 5° 8' E. 

32. Jan. 11, at 5^ 40" p.m. mean time nearly, in lat. 50° 48' N., 
and long, by account 70° W., the following lunar was taken : 

Obs. Alt. a Tanri. 
E. of Meridian. Obs. Alt. Moon's L. L. Obs. Dist. F. L. 

36° 25' 50" 30° 39' 30" 71° 50' 55" 

Index corr. 5 30+ 2 10- 2 15- 

The height of eye above the sea was 20 feet. Bequired the 
longitude. Ans. 69° 59' 53" W. 
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33. March 20, at 7^ 50« p.m. mean time nearly, in lat. 49^ 50' N., 
and long, by accoimt 1** 30' E., the following lunar was taken: 

Obs. Alt. Aldebaran. 

W. of Meridian. Obs. Alt. Moon's L. L. Obs. Dist. N. L. 

37^ 4' 30" 38** 17' 20" 75** 15' 10" 

Index corr. 24— 15+ 20 + 

The height of eye above the sea was 20 feet. Bequired the 
longitude. Ans, V 34' 30" E. 

Elements from * Nautical Almanac.* 



Sid. Time 

at Gr. Mean Noon. 

Jan. 8,19^ 9» 46-72^ 



Moon's Semi. Hor. Par. 

Noon, 14' 48-8" 54 21-8" Star's R. A. 4>» 27« 22-7' 
Mid. 14 52*0 54 33-3 Star's deol. le"* 12' 13" N. 

Distance at vi. hours, 71° 1' 67" ; at ix. hoars, 69° 82' 16". 

Jan. 9, 19*' 13» 42-27* Noon, 14' 65-8" 54' 47-2" Star's R. A. 7^ 36" 12- 

Mid. 15 0-2 55 3-6 Star's decl. 28° 22' 46" N. 

Distance at vi. hoars, 108° 8' 4" ; at iz. hoars, 101° 37' 51". 

Ap. 18, l"* 44- 58-62- Noon, 16' 8-8" 69' 15-4" Star's R. A. 13>» 17- 19- 

Mid. 16 8-7 59 14-8 Star's decl. 10° 22' 43" S. 
Distance at vi. hoars, 92° 10' 13"; at ix. hoars, 90° 24' 32". 

Ap. 17, 1^ 41- 207' Noon, 16' 8-2" 59' 13-1" Star's R. A. 13*' 17- 19- 

Mid. 16 8-7 69 14-9 Star's deol. 10° 22' 43" S. 
Distance at vi. hoars, 106° 16' 11"; at ix. hoars, 104° 30' 26". 

Jan. 11, 19"» 21- 8-50' Noon, 16' 41-6" 61' 98" Star's R. A. 4>' 28- 21' 

Mid. 16 37-2 60 536 Star's decl. 16° 14' 21" N. 
Distance at ix. hours, 70° 16' 10"; at Midnight, 72° 8' 51". 

Mar. 20, 23>» 61- 30-lP Noon, 15' 12-2" 55' 47-6" Star's R. A. 4'> 27- 3- 

Mid. 15 17-4 56 6-7 Star's decl. 16° 11' 30" N. 
Distance at vi. hours, 74° 7' 12" ; at ix. hours, 76° 42' 9". 

At night, in the event of not being able to measure either or 
both of the altitudes, the trtie altitudes are calctdated, and thence 
the apparent altitudes deduced by applying the corrections for re- 
fraction and parallax with their signs reversed.* 

Having found the apparent altitudes, the problem is solved in 
the same way as though they had observed, but they will not, of 
course, be available for determining ship mean time, which is 
foimd by the altitude of a heavenly body near to the prime 
vertical, taken at some preceding or following time, as near to 
that when the distance is measured as possible. 

The successive steps of this long calculation are as follows : 

(1) To find star's hour angle. 

To the right ascension of mean sun (corrected for approximate 
Greenwich date) add mean time at ship, and from the sum 

> In practice it is sufficiently accurate to calculate these true altitades onlj to the 
nearest minute of arc. 
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(increased if necessary by 24 hours) subtract the star's right 
ascension : the reniainder is* the hour angle of the star. 

(2) To calculate the star'strtie altitude. 

On referring to fig. 103, page 202, we see that in the triangle 
z p X are known p z^scolat; p x= star's pol. dist., and z p x= star's 
hour angle ; hence the value of z x can be found, and from that 
the star's true altitude (OO^'^Z'X). See also page 215. 

<3) To find star's apparent aititude. 

To the true altitude just found add the refraction : the result 
is the star's apparent altitude.' 

(4) To find the moon's hour angle. 

To the right ascension of mean sun (corrected for approxi- 
mate Greenwich date) add ship mean time, and from the sum 
(increased if necessary by 24 hours) subtract the moon's right 
ascension (also corrected for Greenwich date) :- the result is the 
moon's hour angle (rejecting 24 hours if greater than 24 hours). 

(5) To find the moon^s true altitude. 

This is foimd from the triangle z p m in the same way as 
given before for the star's true altitude. . . 

(6) To find the moon's apparent altitude. 

Consider the moon's true altitude just fouod ^s the apparent 
altitude ; enter the table with it, and take out the correction in 
altitude approximately ; subtract this correction from the moon's 
true altitude, and thus find the moon's apparent altii/ude nearly. 
Then enter the table again with this corrected altitude^ and thus 
take out the correction in altitude more exactly; subtract this 
correction from the moon's true altitude, and the result will be 
the moon's apparent altitude very nearly. 

Take out at the same opening of the table the auxiliary 
angle a. 

After this the successive steps are similar to those of the 
preceding example on page 300. 

NoTB.— The true altitades of both star and moon maybe oalcnlated from the 
equation eoseo alt« 3 seo ^ sec (l-d^ where hav ^= cps Z pos 4 sec (Z-d). 

May 16, in lat. 50° 37' 30" N., and long, by account V & W., Uxampi* 
when a chronometer showed 10^ 39™ 26* p.m., the observed 
distance of the star a Yirginis from the moon's farthest limb was 
64** V 50", index correction +6' 40", the error of the chronometer 
on ship mean time being fast 4°^ 14'. Bequired the longitude. 

■ In 8trictfte88» the table for correction of altitude oaght to have been entered with 
the apparent altitude, instead of the true, to get the correction in altitude ; but in the 
case of the. star's altitude the above is sufficiently correct. A more exact method is 
followed in finding the moon^s apparent altitude from the true. 

X 
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Sid. Time at Gr. 
Time by chron. 10^ 39"" 26> Mean Noon. B. A. M. S. Star's B. A. and Ded. 
error fast 4 14 May 16 3»» 35« 900- 13»» 16« 56- 

ship mean time 10 35 12 corr. for 10^ 



1 38-6 10** acy ^" S. 



long, in time .. 
Or., May 16 



4 24 



40min. 



6-4 



10 40orl0-7hrs. 3 36 54 

Ship mean time... •«.... 10 35 12 



star's right ascen. 



14 12 6 14»^12»&» 

13 16 56 9 19 40 

4 52~26 



.'.star's hour angle 55 10 d 'sH.A. 

Moon's B. A. Moon's Deol. Moon's Semi. 

At 10*' ...9*' 18- 10- ... 18** 26' 18" N. ... Noon 16' 7-0" 

oorr 1 30 ... 8 56 Mid 16 81 

9 19 40 ... 13 16 17 N. iT 

var. in 10 min. 22*6* 2' 14" deer. corr. by insp". 1.. 

4 4 16 8 



M.'8 H. P. 
..69* 1-0" 
...69 6-6 

?6 

41 
61 



69 



40min 90*0 



8 66 



aug. 



6 



16 14 
To calculate Star's Apparent To calculate Moon's Apparent 
Altitude. Altitude, 

Lat 50° 37' 30" N. Lat 50<*37'30"N. 

decl 10 20 25 S, decl 13 16 17 N. 



60 57 55 v. 

Loos lat 9*802359 

,, 006 star's decl. 9*992887 
„hav star's H. A. 8158830 



37 21 13 v,. 

L cos lat 9*802359 

„ cos moon's decl. 9*988245 
„ hav moon's H. A. 9*549884 



e 7*954076 



6 9*340488 



ver6 . 

YGTV 



ver zen. dist. 



17993 

514427 

232 

532652 
584 



verfl 438044 

y&rvj 205056 

38 

ver zen. dist. ... 643138 
2990 



62'' 8' 16" 



68 



640148 



•. star's zen. dist. 62^ 8' 16" 
90 



.-. moon's zen. dist. 69° 5' 33" 
90 



.-. star's true alt. 27 51 44 
refr +1 50 

.-. star's app. alt^ 27 53 34 



.'. moon's true alt. 20 54 27 
corr.inalt.(nearly) 52 — 

app. alt. (nearly) 20 2 OAoz.Angie^ 

. ,^ f 52 48 60° lO' 47' 

corr. m alt 1 5 1 

true corr. in alt. 52 53 

moon's true alt. 
moon's app. alt. 



20 54 27 60 10 48 
20 1 34 
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The apparent altitudes having been found, the remainder of 
the calculation is similar to that on page 301. 

The reader will remark that sun lunars might also be worked 
&om calculated instead of observed altitudes. 

34. April 20, in lat. 60° 37' 12" N., and long, by account 
V & Wv, when a chronometer showed 8** 58" 45* p.m., the 
observed distance of the star a Leonis from the moon's 
farthest limb was 46° 2' 12", index correction +0' 30", the error 
of chronometer on ship mean time being fast 3" 22\ Eequijred 
the longitude. Arts. 0° 54' 30" W. 

35. December 10, in lat. 50° 37' 80" N., and long, by account 
1° 6' W., when a chronometer showed 9^ 24" 48-3" p.m., the 
observed distance of the star Pollux from the moon's farthest 
limb was 65° 28' 30", index correction + 0' 30", the error of the 
•chronometer on ship mean time being fast 12" 50*8*. Bequired 
the longitude. Ans. 0° 29' 37" W. 

36. April 19, in lat. 50° 48' N., and long, by account 1° 6' W., 
Tvhen a chronometer showed 8** 40*^ 18" p.m., the observed 
distance of the star Begulus from the moon's farthest limb was 
59° 11' 2", index correction + 30", the error of chronometer on 
«hip mean time being fast 9" 30*4V Eequired the longitude. 

Ans, 1° 6' 6" W. 

37. September 1, in lat. 50° 37' 30" N., and long, by account 
1° 6' W., when a chronometer showed 8^ 2" 64-4" p.m., the 
observed distance of the planet Jupiter from the moon's farthest 
limb was 64° 19' 57", index correction + 1' 50", the error of the 
chronometer on ship mean time being fast 2" 2'6*. Required the 
longitude. Ans. 0° 55' 15" W. 

38. September 5, in lat. 50' 48" Ni, and long, by account 
1° 6' W., when a chronometer showed 8^» 52" 39» p.m., the 
observed distance of the planet Mars from the moon's nearest 
limb was 45° 11' 23*3", index correction + 1' 50", the error of 
the chronometer on ship mean time being fast 4" 47-4*. Required 
the longitude. Ans, 1° 16' 10" W. 

Elements from * Nautical Almanac.* 

Sid. time at 
Star's Dedin. Star's Bight Asoen. Gr. Mean Noon. 
April 20... 12** 42' 30" N. ... 10^ 0" 15-36- 1»» 51" 4809» 

Moon's Bight Asoen. Moon's Declin. Moon's Semi. Hor. Par. 

120th, at 8h... &^ 51" 3-8» ... 17° 39' 61" N....Noon 15' 23-7",., 66' 29-8'' 
„ 9*^... 6 58 16-8 ... 17 36 40 N....Mid. 15 170 ...66 5-3 

Distance at vi* hours, 46° 61' 27" ; at ix. hours, 46° 16' 23". 

z 2 
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SicL time at 
Star's Deolin. Star's Bight Asoen. Or. Mean Noon. 

Pec. 10th.. .28^23' WN 7»» 36°» 54-9» 17»> 16» 17-09* 

Moon's Bight Ascen. Moon's Decl. Moon's Semi^ Hor. Far. 

10th, at 9»»...2h 5^^ 19-38» ... 16° 40^ 52" N....N0011 15' 11-6" •, 55^ 450'^ 
„ 10»»...2 56 27-74... 16 47 6 N....Mid..l6 7*7 ... 65 309 
Distance at ix. hours, 65*^ J2' 56" ; at mid., 63° 41' 12". 

SicL time at 
Star's Deolin. Star's Bight Asoen. Or. Mean Noon. 

April.l9th... 12° 42' 30" N 10» 0^ 15-35» P 47" 51-54» 

Moon's Bight Ascen. Moon's Deolin. Moon's Semi. Hor. Par. 

19th, at 8»»...5»» 56~ 41-12- ... 18° 28' 96" N.... Noon 15' 38-4".. .57' 23-5"^ 
9\..5 58 59-68 ...18 27172 N. ...Mid.. 15 309 ...56 56-1 
Distance at yi. hours, 59° 46' 25" ; at ix. hours, 58° 8' 6". 

Sid. time at 
Planet's Deolin. Planet's Bight Ascen. Gr. Mean Noon. 

Sept. Ist ... 15° 46' 6-8" S 21^ 33°» 3-13« 10»^ 39~ 59-98* 

2nd... 15 48 22-9 S 21 32 35-33 

Moon's Bight Ascen. Moon's Declin. Moon's SemL Hor. Par^ 

1st, at 8h... 17»» 0°^ 32-9» ... 23° 56 57" S. ... Noon 15' 54-8"...58' 24-0"" 
9\.. 17 3 2-2 - 23 56 34-4 S. ... Mid. . 15 495 ...58 4-5 
Distance at vi. hours, 65° 7' 44" ; at ix. hours, 63° 24' 57". 

Sid. time at 
Planet's Deolin. Planet*s Bight Ascen. Gr. Mean Noon. 

Sept. 5th ... 26° 34' 9-5" S 17^ 32» 5-8« 10^ 55« 46-19- 

6th ... 26 34 29-5 S 17 34 27-8. 

Moon's Bight Ascen. Moon's Declin. Moon's Semi. Hor. Par. . 

5th, at 8h...20>* 41"» 16-9«... 15° V 2" S. ...Noon 15' 157" ... 56' 0-4"^ 
„ 9\..20 43 20-7 ... 14 50 47 S. ...Mid., 15 11-7 ... 55 45*5 
Distance at vi. hours, 44° 14' 50" ; at ix. hours, 45° 45' 38". 

Note.— The oelebrated problem of finding the longitude by lonars was originally 
suggested by Werner, an astronomer of Nuremberg, in 1514, and a method of 
graphically solving the problem on a globe was given by Gemma Frisius in 1350. 

Botes on The first solution by calculation and reduction of an observed 

distance to the centre of the earth appears due to Morin, a French 
astronomer, in .1638. 

The method could not, however, be practically employed at 
sea, (1) partly from the imperfection of the rough nautical instru- 
ments then in use, and (2) partly from the very iniperfect know- 
ledge which then prevailed as to the apparent path of the moon 
in the heavens ; this, together with some uncertainty as to the 
astronomical positions of the stars lying near that path, prevented 
any reliable calculations being ma^e which, would furnish the 
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mariner beforehand with the lunar distances at certain hours at 
Oreenwich with which to compare his own observations. The 
first of these difficulties was removed by the invention and sub- 
sequent improvement of the sextant, and the Eoyal Observatory 
was established in 1675^ expressly to obtain large numbers of 
observations of the positions of the moon and stars near her path, 
60 that predictions could be made of their distances apart at 
certain hours of Greenwich mean time. 

From time to time improvements have been made in the 
theory which explains the moon's very devious path among the 
stars, and the last great corrections by Hansen in 1862 appear, 
on comparing her predicted positions with those actually ob- 
served at the Eoyal Observatory, to leave but httle practically to 
be desired. 

The uncertainty of position of the moon and heavenly bodies 
near her path may now be considered as practically removed, but 
the measurement of distances on board ship requires great care 
and practice. 

The greatest precision will be attained by selecting from the 
Nwutical Almanac that body towards which the moon is moving 
most rapidly : if the sun or a fixed star, this will be that which 
lies in her direct path ; but since the planets appear at times to 
move in a direction contrary to that of the moon, their distances 
from her will change at such times more rapidly than those of 
the sun or fixed stars. In either case that object of which the 
proportional log. given in the Almanac is leOfSt is the best to selecl 
(s^ page 297). 

The brighter object should always be that reflected in the 
sextant, the relative brilliancy of the two being regulated by 
the up and down piece. 

Every instrumental error should be previously examined and 
allowed for (including the error of centering), and the contact 
vnth the Umb of the moon made in the centre of the field of the 
telescope ; the altitudes are not required to be taken with extreme 
precision.^ 

Lunar distances should be measured with stars both east and 
west of the moon, thus obviating errors in determining the index 
orror ; also, if such distances are nearly equal, the effect of the 
orror of centering is avoided. 

' The cost of the original building of the Royal Observatory was 5202., and the 
salary of the first Astronomer Boyal (Flamsteed) wss 1002. per annum, for which sum 
he had to provide his own instruments. 

' Except when intending to obtain the ship mean time from either or both* 
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The necessity for extreme car^ in the measurement of a lunar 
distance arises from the fact that, apart from other sources of 
error in the calculation, an error in the observed distance pro- 
duces 30 times that error (approximately) in the longitude. 

The moon, at her average rate of revolution round the earth, 
traverses 13^ 11' of arc in one day,^ moving more or less rapidly 
when in those parts of her orbit nearest and farthest from the 
earth. 

Hence an error of 1' in an observed lunar distance to a fixed 
star lying directly in the moon*s path would occasion an error in 
the Greenwich mean time found from it of 2 minutes, equivalent 
to an error in longitude of 30'.* 

At the time when limars formed the only means of obtaining 
longitude at sea it may be interesting to record the experience of 
a good observer. 

Maskelyne (afterwards Astronomer Eoyal), in his voyage to 
St. Helena to observe the transit of Yenus in 1761, took a great 
number of lunars, and on his. return published an interesting 
work styled the * British Mariners' Guide,' in which he expresses 
the opinion that even in the then imperfect state of the lunar 
theory a good observer could obtain the longitude at sea within 1^^ 
of the truth, an opinion justified by his own published observations.' 

When the lunar observation afforded the only means of 
obtaining the longitude at sea the frequent recurrence of such 

' * Approximately moving the breadth of her diameter to the eastward eveiy hoar, 
or passing a fixed star at the rate of 83" per minate ; the greatest change of right 
ascension is 2™ 55* in an hour, and the least 1" 45% depending upon the distance of 
the moon from the earth. 

* It may be shown that if a and b represent the apparent, and a', b' the true alti- 
tudes of the moon and heavenly body to which the distance d is measmred, then 

Error in true distance d « error in observed distance dx^Y^ ^^ a oobo 

sm D cos a cos 6 

Now, since ^ -^' a eoBo ^ly^^j^ nearly eqoals unity, 

sm D cos a cos b 
,\ error in tme distance always approximately equals error in observed distance, and 
particularly soUd » 90°; the errors have also the same sign. 

The error in the resulting longitude in time for a given error in the true distance 
will evidently be the same fraction of three hours as the error in distance is of the are 
passed over by the moon in three hours with regard to the heavenly body considered. 

In the case of the sun this arc varies from 1^ 55' to 1^ 17', and the resulting error 
in longitude varies from 23' to 35' for an error in distance of 1'. 

The maximum error of the lunar tables may now be considered to be 10", while 
the maximum error of measurement of distance under favourable circumstances may 
be considered as 20". A good observer can depend on longitude by lunar within 8' 
or 10'. 

' In the account of this voyage to St. Helena it is mentioned that the longitude by 
dead reckoning on arrival differed 7^ 12' from the truth. 
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long calculations led to the introduction of many ingenious short 
methods^ by which, without any great sacrifice of accuracy, much 
time and trouble was saved. The best among these are probably 
those methods the distinctive feature of which is that the efiPects 
of refraction and parallax are separately dealt with. 

Since, however, the introduction of chronometers the lunar 
problem has ceased to be of great practical importance under 
ordinary circumstances, and only one method of solution has 
been given in this work, which is that proposed by Kraflft in 
1791. 

Note The chief among the refinements nsually omitted in sea observations are 

(1) the redaction of the moon's equatorial horizontal parallax (Inman's Tables, 
No. 38) ; (2) the correction for contraction of semidiameters at low latitudes (Inman's 
Tables, No. 89) ; (3) the correction of the auxiliary angle A for barometer and 
thermometer (Inman*s Tables, No. 41) ; (4) the use of the tnte refractions in place of 
their mean values (Inman's Tables, No. 13) ; and (5) the application of the ime 
parallaxes {see page 378). 

It may be interesting to note the following among the various 

methods proposed at different times for obtaining longitude 

independently of a chronometer : 

■ The various approximations to clearing the lunar distance are based on the 
principle of dropping perpendiculars Ma, ab (fig. 146) from h and s (the true places of 

Fig. 146. 




the moon and other heavenly body) on the observed distance h^ s^, and deriving the 
corrections to that observed distance from the small triangles m m^ a and s s^ b. 

This method of treatment appears due to Israel Lyons, afterwards astronomer with 
Captain Phipps in his Arctic voyage of 1773, and was published in the Bequisite 
Tables of 1767. The reader will find much information on the subject of lunars in 
Shadwell's Notes on Lunars ; in this book various refinements are considered which 
are not necessary for nautical purposes. 

An accurate mode of clearing the lunar distance proposed by Sir G. Airy in 1883 
is placed in the chart boxes supplied to H.M. ships. 

In 1790 Margett published tables expressed graphically in curves, by which a lunar 
distance could be cleared hj measurement These were oonstmcted on somewhat 
similar principles to those given by La Caille in 1769, and published in the Conn» des 
Temps for 1761, and by which a lunar distance could be graphically cleared within an 
error of 20". 
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In 1678 Hefne proposed to find longitude B,t sea by comparing 
the time of the moon's observed meridian passage with that given 
in the Nautical Almanac for Greenwich the interval from appa- 
rent noon being to the observer greater or less by the moon's 
proper motion due to difference of longitude {see page 217). 

He proposed finding the time of the meridian passage by noting 
the times when it had equal altitudes on either side of the meridian. 
This method, though very inaccurate for sea observations, is in 
principle that of moon culminations used at present in astronomical 
observatories. 

In 1771 Lemonnier proposed finding the longitude by the 
hour angle of the moon. This hour angle, obtained from an alti- 
tude, enabled an observer to find ship mean time, and hence the 
sidereal time of observation from which the right ascension of 
the moon could be found ; this right ascension was then compaared 
with that given in the Nautical Almanac for some previous time 
at Greenwich, and the longitude found similarly to the method 
by lunar distances. This method, which is not susceptible of 
great accuracy at sea, is used at present in astronomical observa- 
tories. 

A method of finding the ship mean time (and thence the 
longitude) by observing the time of true sunrise or sunset {see 
page 333) was published in 1847 by Commander Weston, I.N. 

To know this time, the altitudes of both the upper and lower 
limbs of the sun at the instant of the true centre being on the 
horizon are given in his tables for every half degree of latitude 
from the equator to 61** N. and S. and for every half degree of 
declination N. and S. 

This method is, however, very unreliable in latitudes greater 
than iS"" N. or S., and even in lower latitudes is liable to a pro- 
bable error of half a minute in time, at least. 

Longitude by Equal Altitudes.^ 

The principle of finding the apparent time of a heavenly body 
crossing the meridian by noting the times by a chronometer at 
which it had equal altitudes when near it on either side is appli- 
cable under certain circumstances at sea. 

If the heavenly body observed is the sun, the mean of the times 
will (if the change of declination in the interval be neglected, and 
if the ship has been stationary) be the time by chronometer at 
ship apparent noon, from which the error of chronometer on ship 

* First ased at sea by Picard, a French astronomer, in 1671. 
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mean noon can be found. If, then, the times of observation have 
been noted by a chronometer whose error on Greenwich mean 
time is known, a comparison can at once be made between ship 
and Greenwich mean times, and hence the longitude obtained. 

This is equally true if the course in the interval has been East 
or West true^ when the longitude found will be that at the 
middle time of observation, corresponding to the mean of the 
times* 

By taking the observations shortly before and after noon the 
necessity for applying the correction due to change of declina- 
tion is obviated, since the change in the interval is very small. 

In latitude 10® N., the sun was observed to have equal alti- Uxampie 
tudes when near the meridian at the following times by chrono- 
meter : 

Before noon 6^ 10" 22* ; after noon 6^ 30~ 26». 

The run between the times of observation was West true 6 
knots, the error of chronometer on Greenwich mean time was 
2»i 2™ 10" fast, and the equation of time 6" additive to apparent 
time. 

At the time of apparent noon on the meridian midway 
between those passing through the places of observation, the 
chronometer showed 6** 20" 24", and at that instant the Green- 
wich mean time was 4** 18" 14', while the ship mean time was 
0^ 6" 0». 

Hence the longitude of that meridian, or that of the ship at 
noon, was 4»» 12™ 14-, or 63° 3' 30" W. 

When the course of the vessel is not East or West true 
between the times of observation, and it is desired to apply a 
correction for change of latitude, an approximate correction is 
applied to the middle time as follows : 

Correction in seconds of time=^V change of lat. (expressed in 
seconds) x sec. lat. x cot. azimuth (see page 367), using as * change 
of lat. ' half the change in the interval between the observa- 
tions. 

This correction is subtracted from the mean of the times 
when the ship has approached the sun, and added when she has 
receded from it. The azimuth could be found from the compass 
bearing of the sun (corrected for total error), or it might be calcu- 
lated from the formula sin az.s=sin h . cos dec . sec alt., using for 
the value of h half the interval, or it may conveniently be taken 
from Weir's Azimuth diagram. 

In low latitudes the correction for run may be omitted, if the 
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latitude and declination are such that the observations are made 
under the most favourable circumstances — viz. with the sun on 
or near the prime vertical shortly before and after apparent 
noon. 

Note. — The preceding problem is of restricted ase as applied to the awn, sinoe the 
movement in altitude will not be sufficiently rapid for accurate obsenration unless 
that altitude is at least 75". 

Suitable stars can, however, be found in any latitude, and in these oases, where 
the observations can be made in twilight, excellent results can be obtained, the 
difference between the ship mean time of meridian passage of the star and the mean 
of chronometer time corrected for error on G. M. T. (and also if neoessary for run) being 
the longitude. 

The reader may refer to Capt. Blackburne's A and B AHmtUh Tables for illnstniive 
examples of the utility of this method, and also of the facility with which by those 
tables the azimuth may be obtained in this case. 
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CHAPTER XI. 

Astronomioal observations for deviation of compass— Diamal paths of heavenly 
bodies— AmplitudeB — Altitade azimuths — Time azimnths— True bearing of 
terrestrial objects— Lengths of days— Time of twilight. 

At sea, especially in iron vessels, throughout the day and night General 
frequent suitable opportunities are taken of ascertaining the tioMT*" 
deviation of the compass ; this is in all cases found by first 
computing to the nearest minute of arc the astronomical or true 
bearing of some heavenly body, and appljring to that the variation 
(taken from the Variation chart), thus converting it into a 
. magnetic bearing, which will 

^ diflfer from a compass bearing of 

the same body by an amount 
representing the deviation due 
to the direction of the ship's 
head at the time of observation.^ 
The deviations thus obtained 
from time to time are recorded 
in the Compass Journal, and 
compared with those obtained 
by swinging ship at some pre- 
vious date ; in all cases, however, 
the deviation acttially deduced 
from observations at sea is that 
used for correcting courses. 
The changes in bearing of a heavenly body while above the Change of 
horizon are illustrated by the accompanying figures, in which p ^^'^^ 

' The true bearing is reckoned through 180^ from North in N. lat. and from South 
in S. lat., being East or West according to the position of the heavenly body with 
regard to the meridian. 

The compcuB bearing Is necessarily, from the graduation of the card, read off from 
either North or South, increasing oviiy to 90^. 

When the deviatdon has previously been carefully determined, the difference between 
the observed bearing (corrected for deviation) and the true bearing will give the 
variation ; this, however, is seldom required to be determined in the practice of 
Navigation. 
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represents the elevated pole, z the zenith, and w q e the eqtii- 
noctial ; in each case the daily path of the heavenly body is shown 
by a dotted line. 

In fig. 147 the declination x^ Q of the heavenly body x is 
supposed to be of the same name as the latitude, but not so great ; 
in this case the azimuth p z x, measured from the elevated pole p, 
increases from the time of rising until noon, and then decreases, 
the body crossing the prime vertical WZB ttoice, once on the 
eastern side of the meridito at a, and again on the western side 
at B, at such times being equidistant from the meridian.^ When 
the declination is nearly equal to the latitude as Xj, Q, the declina- 
tion of a heavenly body Y, the times of crossing the prime vertical 
will be near that of crossing the meridian, 

In fig. 148 the declination x^ Q is supposed to be greater than 
the latitude and of the same name, in which case the body can 
never be on the prime vertical, and 
the azimuth or bearing from the 
elevated pole p will first increase 
until the body arrives at a (z a 
being a tangent to the dotted curve, 
and the angle p A z=90°) and then 
decrease until the meridian passage, 
after which it will vn/crea^e until 
the body arrives at B and then 
decrease.^ 

When the declination is of the 
opposite name to the latitude, as 
X, Q in fig. 148, the heavenly body 
can never be on the prime vertical. 

When the declination equals the latitude, the body is in the 
zenith of the observer, and also on the prime vertical when 
crossing his meridian. 

When the observer is on the equator and the body has no 
declination it is always on the prime vertical. 

The reader should draw figures to illustrate these two latter 
cases. 

The heavenly body will in all cases change its azimuth most 
rapidly when on the meridian, since it is then moving at right 

* This is strictly true only when the heavenly body oonsidered is a fixed star 
whose declination does not vary. 

» Thus in lat 10^ N., when the sun has 28« N. declination, it bears N. 66*» 37' E. on 
rising at 6^ 43» a.m., and N. 69^' 11' £. at 7^ 40» a.h., again bearing N. 6^^ 87' E. at 
9i> 12" A.M., so that the shadow of an object at such a time would appear to ' go back * 
or retrograde 2° 84'. 
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fl.ngles to the observer, and least rapidly when on the prime 
vertical or in the positions A and B (fig. 148). 

The true bearing of a heavenly body can be calculated by True 
either of the three following methods : bearin« 

First By computing the true bearing from the East and 
West points at its rising or setting, termed its amplitude. 

Second. By observing its altitude, and thence with its declina- 
tion and the latitude of the observer determining the angle at the 
zenith or true bearing of the body : this angle, ov the corre- 
sponding arc of the horizon which it subtends, is the azimuth, and 
this method of determining it is known as the Altitude Azimuth. 

Third, By determining the hour angle ; then, knowing the 
hour angle, declination, and latitude, the angle at the zenith or 
azimuth may be computed as before. This method is termed the 
Time Azimuth. 

If the compass bearing is observed at the time of making 
either of the above observations, the total error of the compass 
— that is, the difference between the true and compass bearings — 
may be determined. 

The total error of the compass is the combined effect of varia- 
tion and deviation ; the former is sufficiently well known for 
purposes of navigation over greater part of the navigable oceans, 
and is recorded on the Variation chart ; the object in making the 
observation for error of compass is therefore almost always to 
ascertain the Deviation, which should only be expressed to the 
nearest minute of arc. 

Note.— In those localities where the variation is not well known (whioh will be 
seen from the Variation ohart) the navigator should find the variation by taking the 
difference between the true bearing of the sun and the mean of four or more equidistant 
compass bearings, which is the same as a magnetic bearing of the sun. 



Deviation by Amplitude. 

The amplitude of a heavenly body is the angle between the Deflnition ^ 
prime vertical an4 the circle of altitude passing through the body 
when on the horizon. 

Proof of the rule for calculating the amplitude of a heavenly Theopj 
body. 

In figs. 149, 150, let N w SE represent the horizon. 

N z s „ the celestial meridian, 
w z E „ the prime vertical. 
Take z Q =5 the latitude. 

QR= the declination. 
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Draw the parallel decimation of RX, cutting the horizon 



at X. 



Draw the circle of altitude z x, and the declination drcle P x. 

In both figures P z=: 90**— latitude. 

When latitude and declination are of the same name 

p X = 90° — decl. and p z x sr 90** — ampl. 

When latitude and declination are of different names 

p x=90** + decl. and p z x^W + ampl. 
In the quadrantal triangle p z x, 

Cos p x=sin p z cos P z x. 
Cos (90* ± decl.) = sin (90°-lat.) . cos (90**±ampl.). 
.'. sin decl. = cos lat. . sin . ampl. 
.-. sin ampl.sssin decl. . sec lat. 

Fio. 149. F}0. 150. 

N 
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// 
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b^<^ 
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Also it is evident from the figure that the body will rise to 
the northward or southward of east and set to the northward or 
southward of west according as the declination is north or south. 

SzAinpi* Given the lat. of 8hip=47° 50' N;, long. 40** W., and the decl. 

of sun at ri8ing=17*' 54' 44" N. ; to find the amplitude. If the 
compass bearing at the same time was N. 82° 50' E., find the 
deviation of the compass, the ship's head being S.E. by S. by 
compass at time of observation. 

(1) To find the trice bearing (fig. 150). 

Construction, Let x be the place of the sun at rising ; then, 
in the quadrantal triangle ZPX are given the colat. pz=:42^ IC, 
the pol. dist. p x=72** 5' 16", and the zen. dist z x=90° ; hence the 
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angle p z x, and therefore its complement £ z z, may be found by 
the preceding formula. 

sin ampl. = siD decl. . sec lat. 

L sin decl 9-487936 

log sec lat 0173090 

.-. L sin ampl 9-661026 

.-. amplitude=E. 27^ 16' N=BX. 

(2) To find the deviation. 

Let N A s represent the true meridian ; from the Variation 
chart the variation due to the ship's positipn is seen to be 
.33*' W., hence n^ a s, drawn at an angle of 33'' with n a s will 
represent the magnetic meridian. Make n A x=62'' 44' (90° - 27** 
16')= the true bearing of the sun ; then x will be the true place 
of the Bim (fig. 151). 

The magnetic bearing of the sun will evidently be N. 95** 44' E.,* 
which would also be the com/pass bearing but for the devia- 
tion. 

The observed compass bearing being N. 82° 50' E., if the 
angle XA n (=82° 50') is laid off from A, then n and s will repre- 
sent the north and south points as shown by compass ; hence the 
north point of the compass card n is drawn eastward of the 

Fio. 151. 




magnetic north Nj by an angle nAN^ or, in other words, the 
deviation is 12° 54' E.* 

1 This may also be found by the fixed and movable compass cards on Plate 1. 

* It is advisable at first to draw a figure for every case, bat the reader wiU observe 
that when the trae bearing, howefoer determined, is to the left of the compass bearings 
as seen from the centre of the compass card, the total error is westerly, and when to 
the right i^ is easterly. 
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Bxampie • September 19» at 5'^ 51™ a.m. mean time nearly, in latitude 

47** 25' N., and longitude 72** 15' W., the sun rose by compass 
N. 77** 50' E. Required the deviation, the ship's head being 
E. by N. 

Ship, Sept. 18 17'' SI"* 

longitude in time 4 51 W. 

Greenwich, Sept. 18 22~42 

or 22*7 hours — that is, 1-3 hours from noon, Sept. 19. 



Sun's DecL Var. in 1 Hoar. 






Sept. 19 1^ 37' 13" N. 6S-2" 


L Bin decl 


8-467103 


corr 1 16 hours from noon, 1«3 


logseo lat 


0169628 


1 38 29 1746 


L sin ampl 


8-626731 


682 


amplitude 


.. E. 2o 25' N. 


76-66 = r 16" 


or true bearing., 


..N.87**S6'E. 




variation 


.... 18 SOW. 



magnetic bearing S. 78 65 E. 
compass bearing N. 77 60 E. 

deviation 23 15 E. 

1. May 6, at 5'' 30«* a.m. mean time nearly, in lat. 50^ 48' N., 
and long. 47° 12' E., the sun rose by compass S. 87*^ 50' E. Re- 
quired the deviation, the ship's head being S. by W. and the 
variation 24° 20' W. A7is, 4° 44' W. 

2. Nov. 14, at 6'' 45" p.m. mean time nearly, in lat. 32° 14' S., 
and long. 100° E., the sun set by compass S. 74° 20' W. Enquired 
the deviation, the ship's head being N.E. Var. 16° W. 

Arts. 9° 44' E. 

3. Jan. 10, at 6'' 58" a.m. mean time nearly, in lat. 31° 56' N., 
and long. 75° 30' W., the sun rose by compass S. 59° 50' E. 
Required the total error, the ship's head being N.E. by E. 

A71S. 3° 58' W. 

4. March 21, at 6'' 0" a.m. mean time nearly, in lat. 42° 13' N., 
and long. 90° E., the smi rose by compass S. 78° 20' E. Required 
the deviation, the ship's head being W. by S. and the variation 
3° 20' W. . A718, 8° 46' W. 

5. March 31, at 6'» 0" p.m. mean time nearly, in lat. 42° 13' N., 
and long 124° W., the sun set by compass S. 78° 30' W. Required 
the variation, the ship's head being N. (see Dev. Table, p. 21).- 

A71S, 20° 58'. P:. 

6. Dec. 4, at 7*" 50" a.m. mean time nearly, in lat. 50° 40' N.. 
and long. 94° W., the sun rose by compass S. 79° 18' E. R^uired 
the total error of the compass, the ship's head being N.E. 

Ans. 26° 11' E. 
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7. March 14, about 6^ 10°^ A.M., in lat. 34° 50' N., long. 14^ 
10' E., the sun rose by compass E. by 8.^8. Eequired the devia- 
tion of the compass, variation being 12** 10' W. Ans. V 50' W. 

8. August 23, about 6*^ 40» a.m., in lat. 40° 30' 8., long. 80° E., 
ihe sun rose by compass N.E. by E.^E., the ship's head being 
S.8.W. Bequired the variation of the compass. Ans. 16° 5' B. 

9. October 3, in lat. 35° 54' N., long. 15° 20' E., the sun rose 
hy compass E.8.E., the ship's head being 8.8.W,iW. Eequired 
the variation of the compass from the azimuth tables. 

Ans, 12° 37' W. 

10. May 3, in lat. 41° 20' 8., long. 102° 20' E., the sun set by 
•compass N.W. by W., the ship's head being 8. by E. Eequired 
the variation of the compass from the azimuth tables. 

^n«.18°W. 

11. May 25, about 8^ 40«» a.m. mean time, in lat. 14° 30' 8., 
long 9° 50' W., when a chronometer showed 7^ 11"* 16", the sun 
bore by compass E by N. ; the chronometer was slow on Greenwich 
mean time 2** 7" 40*. Eequired the total error of the compass. 

Ans. 10° 32' W. 

12. August 4, in lat. 49° 25' N., long. 2° 23' W., the sun rose 
by compass E.JN., the variation being 18° 40' W. Find the 
•deviation of the compass from the azimuth tables. 

Ans, 2° 47' W. 

EUmenta from * NatUical Almanac,* 
Sun's Deolinatlon Var. in 1 Hoar. Son'i Deolination. Var. in 1 Hour. 



May 6 . 


.. 16° 48' 42" 


N. ., 


.. 41-62 incr. 


Mar. 14 . 


.. 2*> 


16' 0"B. .. 


. 69-09 deer. 


l?ov. 14 . 


.. 18 25 19 


S. . 


.. 88-67 incr. 


Aug. 28 . 


..11 


18 46 N. .. 


. 61-21 deer. 


Jan. 10 . 


.. 22 11 


S. . 


..2218 deer. 


Oct. 8. 


.. 4 


18 88 S. .. 


. 67-96 iner. 


Mar. 20. 


.. 7 11 


N. . 


.. 69-22 incr. 


May 8 


..16 


62 82 N. .. 


. 42-65 iner. 


Apr. 1 . 


... 4 48 44 


N. . 


.. 67-71 incr. 


May 25 . 


..21 


4 26 N. .. 


. 26-82 iner. 


Deo. 4 . 


... 22 20 44 


a. 


.. 19-88 incr. 


Aug. 4. 


..17 


4 47 N. .. 


. 88-96 deer. 



Note. — The observation for amplitude of the sun should be made when the centre 
of the trtte sun is on the horizon ; this, from the effect of the great refraction on bodies 
on the horizon (84'), occurs in low latitudes (where the sun rises and sets almost per- 
pendicularly to the horizon) at a time when the lower limb of the apparent sun has 
an altitude about equal to its semidiameter plus the dip due to the observer's height 
above the sea. In high latitudes, especially when the declination is of an opposite 
name to the latitude, the sun rises and sets very obliquely to the horizon, and the 
precise time for observation is more difficult to estimate, since the effect of the dip on 
such observations is also under these circumstances greater, and either the method of 
finding deviation by azimuth is to be preferred, or else make the observation when the 
centre of the body considered is seen on the horizon, and apply a correction from 
Inman's Tables, No. 26.^ Observations of the moon and stars for amplitude are seldom 

' A table correcting amplitudes for this source of error was first published by 
Pierre Bouguer in 1781. This essay on the mode of finding variation at sea received 

Y 
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aTailable,* thoagh oooasionally the setting amplitude of a bright star or planet may b» 
observed, In practice the amplitude of the sun is taken by inspection from the 
azimuth tables or that in Inman's Tables, No. 49, and the reader should compare the 
results of calculation in the examples with those obtained by inspection, employing 
the equation of time given in those tables for any leap year. 

The true bearings of heavenly bodies whose declinations exceed 28° are conveniently 
taken from a graphic curve known as Weir*s azimuth diagram. 

On reference to fig. 152 it will be seen that to an observer on the equator the 
amplitude of the sun is equal to the declination, and that when the sun has no 
declination it rises and sets east and west true in all latitudes. 

What is sometimes termed the time amplitude of a heavenly body is the interval 
between its rising and being on the six o'clock hour circle. 



Deviation by Altitude Azimuth. 



The altitude 
asimuth 



Szample 



Fio. 152. 




Given the altitude and 
declination of a heavenly 
body, and latitude of the 
place ; to find the azimuth.* 

Let N s w B represent the 
horizon, N Z s the celestial 
meridian, p the pole, and z 
the zenith. Then if x be the 
place of the heavenly body 
when its altitude was ob- 
served, we have given, in the 
spherical triangle p x z, the 
three sides, to find an angle ; 
namely, the zenith distance 
2 X, the polar distance p x, 

and the colatitude p z, to find the angle P z x=the azimuth or true- 
bearing of x. 

Given the lat.=51** 10' S., long. 144^ 20' E., the true alt. of 
sun's centre^lS'^ 25' 30", and its decl. = 16^ 41' 42" S. ; required 
the true bearing, the sun being east of meridian. If the compass 
bearing was observed at the same time to be S. 70^ 34' E., required 
also the deviation of the compass. (Ship's head West.) 

a prize from the French Academy. The correction to be appUed to an ampUtade of 
the sun observed when the centre of the apparent sun is on the horizon is nearly 1<» 
in lat. 60<», with declination 28«» of opposite name to the latitude, and at a height of 
16 feet above the sea. . . «., ^ j ^ u 

I On the horizon the sun is raised by refractaon about 84' and depressed by 
parallax about 8" ; the moon is, however, more depressed by parallax (average 57'> 
than it is raised by refraction (34'). and consequently when the moon's centre is first 
Men it is really about 23' above the horizon; the sun's centre, and also stars, when 
first seen, are nearly 84' below the horizon {rational horizon in aU cases). 

« In 1790 Maxgetts published tables expressed graphicaUy in curves, from which the 
azimuth could be taken by measurement. 
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(1) To find the true bearing (fig. 163). 
In the spherical triangle p z x are given the three sides, zx the 
zemth dist.=74<' 34' 30", px the pol. di8t.=73° 18' 18" and pz 
the colat.=38» 60' ; to find the angle p z x, the true bearing of the 

sun. ^ 




^^ 74° 34' 30" log cosec 0015932 

^2 385000 „ 0-202693 



PX. 



35 44 30 
.73 18 18 



109 2 48 iLhav 4910810 

37 33 48 „ 4-507796 



L hav 9-637231 

•.•pzx= 82^23' 
or truebearing=S. 82 23 E. 
An alternative method would be to employ a formula similar to 
that on p. 203, from which we have 

sin i azimuth = / cos 8 0^(8^ jp) 
^ cos I , COS a 
where Z = latitude ;i?= polar distance ; a=altitude, and s — ^ + ^"^i^ > 

and the solution of the above example is as follows ■ 

Polar dist 73^ 18' 18^ 

Lat 51 10 00 sec -202693 

Alt 15 25 30 „ -015932 

2)139 53 48 



8 = 69 56 54 cos 

PD-8= 3 21 24 



9-535091 

9-999255 

2)19^752971 



sin^az.s 9-876485 
or azimuth from North = N97^ 37' E as before. 

T 2 
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(2) To find the deviation of the compass. 

On referring to the Variation chart it is seen that in the 
position of the ship the variation is 10'' E., whence a similar 
figure may be drawn to fig. 151, or we may treat the true hear- 
ing as a true course and convert it into a magnetic bearing as on 
page 19. 

True bearing of sun 8. 82^ 23' E. 

Variation 10 00 E. 



Magnetic bearing of sun S. 92 23 E. 

Compass bearing of sun S. 70 34 E. 

Deviation 21 49 W. 

Xhcampie June 7, at 5^ 50°^ a.m. mean time nearly, in lat. 50*" 47' N. and 

long. 99*' 45' W., when the sun bore by compass N. 44** 20' E., 
the observed altitude of the sun's lower limb was 18*" 35' 20", 
index correction + 3' 10", and the height of the eye above the 
level of the sea was 19 feet. Required the deviation, the ship's 
head being N.E. by compass. 

Ship M. T., June 6 17 60- 

longitade in time 6 89 W. 

Oreenwioh, Jane 7 29 s 0*6 hoar. 

Sun's Declin. Ban's SemL Obs. Alt. 

Jane 7 . 28** 48' 49" N. Var. in 1 hour 14-81" 16' 46" 18*» 86' 30" 

eorr. ... 7 hoai from noon 0*6 Index oorr.... 8 10+ ' 



28 48 66 7166 18 88 80 

pol. di8t.66 16 4 dip 4 17- 

18 84 18 

eorr. inalt. 2 48- 



18 81 80 
semid. ... 15 46 + 

true alt. ... 18 47 16 

Latitude 60^47' 0" log see 0199108 

altitude 18 47 16 „ 0^128779 

31 69 44 • 

polar distance 67 16 4 

sum 99 16 48(S.)iLhav(&) 4*881893 

diflerenee 85 16 20 p.) j^ ,, hav p.) 4*481884 

Lhav 9*686164 

True bearing N. 76° 46' B. 

Variation 16 25 E. (from Variation Chart) 

Magnetic bearing N. 61 21 £. 

Compass „ N. 44 20 E. 

Deyiation 17 1 £• 
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13. On April 28, about &" 40"* a.m. mean time, in lat. 34* 45' N., 
long. 48^ 20' W., the sun bore by compass 8. 70* E., and the 
true altitude of its centre was 43** 66'. Eequired the total error 
of the compass. Ans, 5** 26' W. 

14. On May 4, about 7^ 45"» a.m. mean time, in lat. 51^ 30' N., 
long. 27** 5' W., the sun bore by compass S. 80^ E., and 'the 
observed altitude of the sun's L. L. at the same time was 29** 18' ; 
the index correction was nil, and the height of the eye above the 
sea 19 feet, the ship's head being S.W. Bequired the deviation, 
the variation being 10** W. Ans. IV 31' E. 

15. On December 3, about 4^ SO" p.m. mean time, in lat. 42** S., 
long. 135** E., the sun bore West by compass, and the observed 
altitude of the sun's L. L. at the same time was 25** 22', the index 
correction was —2' 10", and the height of the eye above the sea 
18 feet, the deviation being 7** 45' W. 'Eequired the variation. 

Ans. 0^. 

16. On March 7, at 9^ 10"* a.m. mean time nearly, in lat. 
51** 10' N. and long. 89** 12' E., the compass bearing of the sun was 
S. 54** 50' E., and at the same time the observed altitude of the 
Sim's lower limb was 21** 40' 43", the index correction was 
—2' 18", and the height of the eye above the sea was 14 feet. 
Bequired the total error of the compass. Ans. 5** 54' E. 

Elements from ' Nautical Almanac.* 

Son's Declination. Var. in 1 Hour. Semidiameter. 

April 28 14^ 17' 26" N 4689" incr 15' 56" 

May 4 16 5 35 N 4314 15 53 

Dec. 3 22 10 44 8 2073 „ 16 16 

Mar. 7 5 5 32 S 5838 „ 16 9 

Deviation by Time Azimuth. 

Given the hour angle, declination of sun, and the latitude ; to The time 
find the azimuth. a.imnth 

(1) To find true hea/ring of stm. 

Let N w s E (fig. 152) represent the horizon, n z s the celestial 
meridian, p the pole, z the zenith, and x the place of the sun 
when the time by chronometer was noted ; then, if the error of 
the chronometer on apparent time at the place is known, the hour 
angle P may be computed ; we have then, in the triangle P z x, 
two sides and the included angle given to find an angle, namely. 
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the polar distance p x, the colat. p z, and the inclnded angle p, to 
find the angle p z x, the true bearing or azimuth. 

(2) To find the deviation of the compass. 
Example If the compass bearing of the sun was also observed when the 

time was noted, the deviation of the compass may then be deter- 
mined as before in the cases of the amplitude and altitude 
azimuth. 

Given the hour angle of the sun = 1** 12" 34' (west of meridian) , 
decl.=13° 44' 21" N., latitude of the ship=50° 48' N.; to find 
the true bearing. If the compass bearing at the time of observa- 
tion was S. 51** 55' W., required also the deviation of the compass ; 
ship's head S.E. by S. 

(1) To find true hearing p z x (fig. 152, page 322). 

Let X be the place of l}he sun. Then, in the spherical triangle 
P z X, are given p x=76*^ 15' 39", p z = 39** 12', and the angle 
p=l** 12"' 34* ; to calculate the angle p z x, the true bearing or 
azimuth.* 

Calculation. 

1. 2. 

LootJtP. 10-796826 Lcot^P... 10-796826 

„ooBidiff. 9-976882 „ sin i diff . 9*502137 

„ seo jt sum 10*272522 „ ooseo i smn 10-072869 

i sum 57 48 49 „ tan 11-046280 ,» tan 10-8718d2 

idifl. 18 81 49 84«>61'46" 66*»69'15" 

prrl" 12- 84- 84 51 45 

ip=:0 86 17 .-.traebearingsN. 151 51 OW. 

= S. 28** 9' W. 

(2) To find the deviation of the compass. 
The variation at the ship's position is taken from the Vaxia- 
tion chart (36** W.), and on applying this as in the former 
examples to the true bearing of the sun the magnetic bearing is 
found to be 8. 64° 9' W. ; the difference between this and the 
observed compass bearing (12** 14') is the easterly deviation, due 
to the direction of the ship's head at time of observation. 

The time azimuth problem may be conveniently solved by the 
application of the fundamental formula 

1 In considering the case where the angle p z t is nearly 90', and there is a doubt 
as to whether the angle found or its supplement is that required, it is well to remember 
that i(p z + p z) is of the same affection as }(p z z + p zz) ; that is, they are both either 
greater or less than 90°. 

The required angle may otherwise be obtained by first computing the third tide of 
the triangle, and then applying the rule of sines, remembering that the greater angle 
is opposite to the greater side. 
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cot A Bin B = oot a sin c-cos B cos c 

ivhich, applied to the data of the problem under discussion, 
hecomes — 

cot A sin ^ - tan d coBl—eoshsinl 

Then, making ^-^ =tan <f>, and dividing by sin h 
cot A = cot h (tan ^ cos {-sin Q 

= ^ -(sin it> cos Z- cos ^ sin I) 

cos ^ ' 

cot h .„ / . ,v 
Or t.nA= r**^* 

Bin {p-l) 

which gives the required azimuth sought for, by aid of the 
auxiliary angle ^. 

Example.— Latitude 10° 20' N., declination 22o 14' S., hour angle 1" 44- !?• W. 
required the azimuth. 

tan^ = *^ tanA=???^-*?^'^ 

cos ^ sin (^ - Q 

-9-611480 +9-959129 

+ 9-953398 +9-689543 

-9-658082 +9-^48672 

^ = - 24° 28' 9" - 9-756445 

2= +10 20 -9-892227 



(^ - 2) = - 34 48 9 Aahnuth = N. 142« 2' 16" W. 

June 23, at lO** 58"* a.m. mean time nearly, in lat. 50** 48' N. Examples 
fljid long, l*" 6' W., whein a chronometer shovired ll*' 3"* 37% the 
compass bearing of the sun was observed to be S. 6*" 50' E. 
<N. 173** 10' E.), the error of the chronometer on Greenwich mean 
time being 0"* 54» fast. Required the total error of compass. 

Equation of Time. Sun's Declination. 

June 22, at 22'» 58» 23d 1- 42-68 sub 23° 27' 00" N. 

long, in time 4+ var.inlhr. 0*54 00 

Gr., June 22 23 2 I 4214 23 27 00 

(or 1 hour from 90 

noon, June 23). pol. dist. 66 33 00 

<50lat 39*» 12' 0" 

pol. dist 66 33 

Bum 105 45 

difference 27 21 

^Bum 52 52 80 

i difference 13 40 80 
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(1) (2) 

Time by chron. ... ll*" 3" 37* + 12'» L cot 31" 41- 10*866573 10-85657S 

orrbr on Gr. M. T. 54 fast. „ oos i di£F. . 9*987511 L sin J diff.... 9*873674 

Greenwich, 22d. .23 2 43 „ sec i sam . 10-219283 „ cosec i stun 10*098368 

equation of time . 1 42 snb. „ tan 11063367 ,, tan 10*328615 

Greenwich 1 23 1 1 
apparent time j 

longitude in time . 4 24 W. 85° 3' 30" 64° 51' 30" 

ship app. time ... 22 56 37 64 51 30 

24 True bearing N. 149 55 E. 



hour angle 1 3 23 oomp. „ N. 173 10 E. 

i hour angle 31 41 total error 23 15 W. 

17. April 27, at 1^ 10"» p.m. mean time nearly, in lat. 50^ 48' N. 
and long. 1** 6' W., when a chronometer showed 1^ 15"* 61', 
the bearing of the sun was observed to be S. 51" 55' W., the error 
of the chronometer on Greenwich mean time being 1" 18^ fast. 
Eequired the variation, the ship's head being S.S.W. (seepage 21). 

Ans. 20" 46' W. 

18. December 14, at 10^ 22™ a.m. mean time nearly, in lat. 
52" 10' N. and long. 1° 30' W., when a chronometer showed 
10^ 30"* 48", the bearing of the sun was observed to be S. 0" 40' E., 
the error of the chronometer on Greenwich mean time being 
3"* 38" fast. Eequired the total error of the compass. 

Ans. 21" 13' W. 

19. December 14, at 1^ 55°^ p.m. mean time nearly, in lat. 
48" 50' N. and long. 1" 30' W., when a chronometer showed 
1^' 59°* 55% the bearing of the sun was observed to be S. 51" 40' 
W., the error of the chronometer on Greenwich mean time being 
0°" 5" fast. Eequired the deviation, the variation being 12" 44' W. 

Ans. 10" 44' W. 

20. December 14, at 11^ 11" a.m. mean time nearly, in lat. 
36" 40' N. and long. 0" 40' E., when a chronometer showed 
IV' igm 438^ ijJjq bearing of the sun was observed to be N. 167" 
50' E., the error of the chronometer on ship apparent time at 
9 A.M. being 3°^ 38« fast, and the subsequent run S.E. (true) 20'. 
Eequired the variation, the ship's head being N.^E. (p. 21). 

A71S. 2" 50' E. 

21. March 7, at 9*» 59"* a.m. mean time nearly, in lat. 49" 48' 
N. and long. 1" 10' E., when a chronometer showed 10^ 24" 8% 
the bearing of the sun was observed to be N. 164" 51' E., the 
error of the chronometer on ship apparent time being fast 20™ 48". 
Eequired the total error of compass. Ans, 20" 28' W. 

22. May 26, at 9^ 48" a.m. mean time nearly in lat. 50" 48' N. 



Digitized by 



Google 



TIME AZIMUTH 829 

and long, l"* 6' W., when a chronometer showed 9** 47"* 37% 
the bearing of the sun was observed to be S. 31** T E., the error 
of the chronometer on Greenwich mean time being 3™ !?• fast* 
Bequired the deviation, the variation being 33** 35' W. 

Ans. 10** E. 

Elements from ' Nautical Almanac.* 

Sun's Declination. Equation of Time. 

April 27 13M3'22"N April 27 2»24-56»add. 

Var. in 1 hour, 47-47" incr Var. in 1 hour, 0-397* incr. 

Dec. 14 23^ 12' 38" S Dec. 14 S-'IS-OS^ add. 

Var. in 1 hour, 8-38" incr Var. m 1 hour, l-203» deer. 

March 7 5** 6' 55" S March 7 ll"" 10-81» sub. 

Var. in 1 hour, 5838" deer Var. in 1 hour, 0-616» deer. 

May 26 21° 4' 25" N May 26 3°^ 19-55- add. 

Var. in 1 hour, 2862" incr. Var. in 1 hour, 0-265» deer. 

NoTB. — Tables from which the results of an altitude azimuth of the sun could be 
taken b7 inspection were calculated in 1825 by Commander Lynn, of the Indian 
Navy ; but the more usual practice in the Boyal Navy is to obtain the deviation by 
time azimuth, for which convenient tables, computed for each degree of lat. from 0^ 
to 60® N. and S., each degree of declination from 23® N. to 23® S., and every four 
minutes of apparent time are placed in the chart boxes ; the reader should carefully 
read the introductory remarks in these, and compare the results of calculation in each 
of the examples here given with those obtained from these tables. 

The errors in observed bearings resulting from the compass card not being truly 
horizontal increase rapidly with the altitude of the body observed ; and therefore, 
these tables do not extend to greater altitudes than 60°. 

It will be a]30 seen from tiiese tables that a heavenly body moves least rapidly in 
azimuth when on the prime vertical, which is therefore the most favourable time for 
observation ; in this case the true bearing is East or West, and a comparison with a 
compass bearing at such a time gives the total error of the compass, and hence the 
deviation. 

The tables above referred to are also applicable to all those heavenly bodies whose 
declinations lie between the same limits as the declination of the sun (i.^. 23® N. 
to 23® S.) ; this includes the moon during greater part of each month, the principal 
planets, and several conspicuous stars. 

A list of available stars is given in the introduction to these tables.^ 

Towson's great circle tables and lunar index also give the 
true bearings of a heavenly body, whose hour angle is known, 

1 The earliest and long the only method used to obtain the error of a compass was 
by bearings of the Pole-star. 

A table giving the true bearing of Polaris for each hour of sidereal time is given in 
Ihman's Nautical Tables. It is seen on referring to fig. 131, page 251, that if the first 
corr. is taken out of the NatUical Almanac for sid. time + 6 hours it will give the 
rectangular deviation (^ of the Pole-star from the meridian, the corresponding angle 
on the horizon, or bearing, being found from this formula : — sin bearing = sin c{ . 
sec alt. 
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since the true bearing is the great circle course to the place where 
the body is in the zenith. 

When observing on the prime vertical for this purpose, an 
error of several minutes in the apparent time will produce but 
small effect ; the altitude should not, however, be great. 

In finding the deviation by star observations preference should 
be given to those near the pole, their movement in azimuth being 
necessarily slow. 

The principle of Captain Blackbume's*valuable A and B Tables 
(which are useful among other purposes for determining azimuths) 
is as follows : 

In fig. 152, on page 322, by the ordinary spherical formula, 

cot px sin pz=cot pzx sin ZPX+cos pz cos zpx, 
whence by transposition and using the usual abbreviations 
cot azimuth = — (tan I cot h) + (tan d cos I cos h). 

The quantities on the right-hand side of this equation are tabu- 
lated in natural numbers for various values of Z, d, and h, and 
termed A and B, by the addition or subtraction of which the 
azimuth is readily determined. 

The deviation of a compass can also be found from the bearing 
of a heavenly body on the meridian, since it then must be North 
or South true, but this is an unfavourable position for observation 
unless the lat. and dec. are of opposite names and the body far 
from the zenith. 

To FIND THE True Bearing op a Terrestriaij Object. 

The true bearing of a terrestrial object from a given position 
may be found by observing with a sextant its angular distance 
from the sun or any other heavenly body whose true bearing is 
known or can be calculated.^ 

If the object is on the horizon of the observer, the apparent 
zenith distance of its place is evidently 90"" ; if elevated above the 
horizon, as the summit of a mountain, its altitude must be ob- 
served, and thus its zenith distance determined. 
Theory Given the angular distance of a terrestrial object from the sun, 

and the true bearing of the sun ; to find the true bearing of tlie 
object (fig. 154). 

> This problem is chiefly of ase in naatical earveying, but is sometimeB employed 
in navigation when the deviation of the compass is to be ascertained from the bearing 
of a distant object. 

The more nsual practice is, however, to measure the hofieonUU angle, or differenee 
of bearing required, by means of the azimuth circle of the standard compass, or by 
taking the difference between the two compass bearings of the sun and object. 
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Let be the place of the terrestrial object (that is, its projec- 
tion on the celestial concave), x the true place of the sun's centre ; 

and let N s represent the celes- 
tial meridian, p the pole, and 
z the zenith of the observer. 
Through o and x draw the 
circles of altitude o z, r z, and 
through X the circle of de- 
chnation px. Then the true 
bearing p z o of the object o is 
found by computing (1) the true 
bearing of the heavenly body x, 
namely the angle pzx; and (2) 
the angular distance of the 
obj'ect o from x, namely the 
angle o z x : the difference (in 
this case) will be the bearing 
of o, namely the angle p z o. 

(1) To find the angle p z x {by altitude azimuth). 

In the spherical triangle p z x are given p z the colatitude, p x 
the polar distance, and z x the true zenith distance of the sun ; 
to calculate the angle pzx, the bearing of sun. 

(2) To find the angle p z x (by time azimuth). 

In the spherical triangle pzx are given p z the colatitude, 
p X the polar distance, and hour angle z p x (determined from ship 
mean time and the equation of time) ; to calculate the azimuth 

PZX. 

(3) To find the angle o z y. 

Let Y be the apparent place of the sun's centre ; then o Y is 
the observed angular distance of the object o from the sun's 
centre (= distance measured with a sextant from sun's nearest 
limb, corrected for instrumental errors, -h sun's semi.). In the 
spherical triangle o z Y are given o z= apparent zenith distance of 
point o, z Y=apparent zenith distance of sun's centre, and oy= 
observed angular distance of object from sun ; to calculate the 
angle o z y. The triangle o z y is quadrantal when the object is 
on the horizon, since, then, zo=90°,* 

> In this case, which is the more frequent in practice, it will be seen that, from 
the properties of quadrantal triangles, 



(SOS diff. bearing of sun and object= eo8 «PP>re°* f^tanoe 

COS apparent alt. of sun 



[over 
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The most favourable circumstances for observation are when 
the sun is low or on the prime vertical, and the object having the 
same altitude as the sun is 90'' from it. Thus when the sun is 
rising or setting the circumstances are favourable and the calcula- 
tion simple. 

The preceding illustration and remarks are applicable to any 
heavenly body. 

Note. — The true bearing of a distant object thas determined will differ from the 
bearing taken from a MereatOT's chart by an equal amount, and for the same reason 
that the rhumb course from the ship to the distant object differs from the great circle 
course ; it follows from this that three terrestrial objects which to the eye appear to 
be in line will not in general be thus represented on a Mercator*s chart {see also note 
on page 39). 

It will also be remarked that since the meridians passing 
through two places A and B are nowhere parallel to one another 
except at the equator, the bearing of A from B will not be the 
reverse of that of B from A unless A and B are true north and 
south of one another. 

Length. OP Day. 

The interval of time between the rising and setting of a 
heavenly body is (if change . 

of declination be neglected) 
twice its hour angle, or 
angular distance from the 
meridian, when on the 
horizon. 

This hour angle is termed 
the semi-diurnal arc. 

Thus in fig. 155 if P and 
z represent the pole and 
zenith, n z s being the 
meridian and w Q B the equi- 
noctial, a heavenly body Xj 
or Xj will be above the horizon 
for a period measured by 
twice the angle z p x^ or twice z p x,. 

The value of this angle is readily calculated by spherical tngo-^ 

The angle o z x will be less or greater than the arc measured by tiie sextant, 
according as that arc is less or greater than 90^ 

If the difference of bearing is measured with the azimuth ctrole of the standard 
compass, or by taking the difference of the compost bearings of the two obj^ots {the 
ship's head in both cases remaining perfectly steady), no correction or reduction is 
required. 
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nometry, since in either of the cases of the declination being of 
the same or opposite names to the latitudes the triangles z p z^ 
and z P x^ are quadrantal, the zenith distance z x^ or z x, being 
90° ; knowing, then, the polar distance p x^ or p x, and thecolatitude 
p z, the required angles are easily found from the formula cos h = 

-tan Z . tan d! or its equivalent tan ^= / oo^{l^ ,i 
^ 2 V cos (l + d) 

If the heavenly body considered be the sun, then the angular 
distance from meridian, when on the horizon, is the apparent 
time from noon of rising or setting, and twice this angle will be 
(approximately) the length of the apparent solar day. 

If the body considered be other than the sun, this angle applied 
to the time of meridian passage will give the time of rising and 
setting. 

It is also seen from the figure that if pe and p w be joined by 
arcs of circles of declination, every heavenly body on arriving on 
these arcs will be at an angular distance of 6 hours or 90"" from 
the meridian ; such circles (as previously stated) are termed six 
o*elock hour circles. 

From fig. 155 it will be seen that if we neglect the change of 
declination — 

(1) When the dedinfttion is the san rises at 6 a.m. and sets at 6 p.ii. in eUl lati- 
tudes (since w g and g x each = 90°). 

(2) When the latitude is the sun rises at 6 a.m. and sets at 6 p.m., whatever the 
deolination may be, the angle at the pole z p Z| being in this case always 90° or 
6 hours. 

(8) When the declination is of the same name as the latitude the sun rises before 
6 A.M. and sets after 6 p.m ., the apparent solar day being more than 12 hours in length. 

If the polar distance is less than the latitude the sun neither rises nor sets, but is 
always above the horizon. 

(4) When the declination is of the opposite name to the latitude the sun rises after 
6 A.M. and sets before 6 p.m., the apparent solar day being leae than 12 hours in length. 

(5) The longest day occurs when the declination of the sun is greatest and of the 
same name as the latitude, and the shortest day occurs when the sun has a mftTimnTw 
declination of the opposite name to the latitude. 

AJso in every place the sum of the longest and shortest days is 24 hours. 

In London Vie number of hours the sun is above the horizon varies from 18 to 6, 
and the number of hours the moon is above the horizon varies from 17| to 7. 

The times of rising and setting of a star can readily be found by calculating the Times of 
-time of meridian passage and applying to this the calculated semi-diurnal arc. rising and 



setting 



> For the sun and those heavenly bodies whose declinations do not exceed that of 
the sun these angles or times of rising and setting have been calculated, and form 
Ho. 49 of Imnan*s Tables ; they are also given in the Time Azimuth tables previously 
mentioned. The local or ship times of rising and setting are of course the same for 
all places on the same parallel of latitude, but it must be remembered that these cal- 
4mlations can only be made for a position at the centre of the earth and referred to the 
rational horizon, in other words no allowance is made for dip, refraction, or parallax* 
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In the oases of the sun, moon, and planets the resolt obtained by working with an 
approximate declination would require a farther correction for the change of declina- 
tion. 

The preceding remarks on rising and setting and lengths of days apply to the 
centres of the heavenly bodies considered, and to the true times and rational horizon ; 
those of apparent rising and setting will depend upon the dip and refraction, and in the 
case of the moon on parallax. 

Dip and refraction will accelerate the time of rising and retard that of setting, while 
parallax will produce contrary effects. 

The actual time of visible sunrise or sunset may be found by mtlftnUting the hour 
angle for a zenith distance of 90° -¥ dip + S3' (or Befr. on horizon) and the difference 
between this hour angle and that found by working with zenith distance 90° (or taken 
out of the azimuth tables) will be the time by which the sun will rise earlier and set 
later than the predicted time. 

In the case of the moon a similar calculation must be made, using zenith distance 

= 90°— hor. par. + dip + Befr. but since the hor. par. exceeds on board ship the dip + refr. 

he rising will be retarded and the setting accelerated. 

Twilight Owing to the refraction of light and its reflection from the upper clouds in the 

tmosphere a certain amount of light is received from the sun when below the horizon. 

Theoretically this twilight begins or ceases when the sun is 18° below the horizon, 
and the time when it does so may be calculated by finding the value of the angle z p x, 
(fig. 155), on the supposition that z x, »90° + 18°, or 108°. 

When the sum of the latitude and declination is not less than 72° (the complement 
of 18°) twilight lasts all night; thus in the latitude of London there is twilight 
throughout the night from May 22 to July 21, since during that time the sun is never 
more than 18° below the horizon. Twilight is necessarily short within the tropics, 
since the apparent path of the sun is more perpendicular to the horizon than in higher 
latitudes, and hence the 18° of additional zenith distance is more rapidly traversed. 



Digitized by 



Google 



33« 



CHAPTEE Xn. 

Errors of ohronometers — The artificial horizon — ^Absolute altitudes — ^Equal altitudes 
— Advantages of equal altitudes — Bates of chronometers — Seoondazy meridians. 

After the chronometers have been received on board from the Error by 
Boyal Observatory their errors on Greenwich mean time and rates **™® ^*" 
are usually daily ascertained before commencing a voyage by 
noting the time of falling of a time ball dropped from some con-i 
spicuous place, generally at 1 p.m. Greenwich mean time.^ This 
time is noted by the hack watch, which is compared with all the 
box chronometers immediately before or afterwards. 

At Portsmouth on May 1 the time ball dropped at 4*^ 15" 8-4", axxampiea 
as shown by hack watch, and a few minutes afterwards the 
following comparisons were made with chronometers A and B. 
Required their errors on Greenwich mean time. 

(1) (2) 

A 5^ 10« 20- B 3^ 12"* 40« 

Hack watch 4 18 32-8 4 19 5-2 

On reference to the Time ^ignal list it is seen that the 1)all 
dropped at 1 p.m. Greenwich mean time ; hence the hack watch 
is df^ 15™ 8-4* fast. On taking the difference between the times 
under (1) it is seen that chronometer A is 0^ 51™ 47-2* fast of the 
hack watch ; hence A must be 4^ 6™ 55 '6' fast of Greenwich. On 
similarly taking the difference of the times under (2) it will be 
found that chronometer B is 1*^ 6™ 25-2" slow on the hack watch, 
and therefore 2*» 8™ 43'2" fast on Greenwich. 

1. On April 2, when in the Downs, the time ball at Deal 
dropped at 2** 12™ 8*4" by hack watch, and shortly afterwards 
comparisons were made as follows with chronometers A, B, and 
C: 

* A complete list of places in the world where time balls are dropped or other time 
signals made is placed in the chart box; this list gives both local and Greenwich 
mean times at which the signals are made. 
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Artijioial 
horizon 



Theory 



(1) 

A 10^ 60» 10« 
Hack watch 2 15 42 



B 



(2) 
2 15 56-8 



(3) 

Ih iim 54. 

2 16 20 



2. On April 5 at Portsmouth similar observations were made, 
the time ball there dropping at 2^ 12™ 21*2' by hack watch, and 
the following being the subsequent comparisons with A, B, and 
C: 

a) (2) (3) 

A 10^ 48» 41- B T" 18°» 30* C 1^ 10» 26- 
Hack watch 2 14 1*5 2 14 30 2 15 201 

Required the errors of A, B, and G on Greenwich mean time 
on April 2 and April 5, together with their daily rates (see page 
354). 

Note.— From the list of time signalB it is seen that at eaoh place the time ball 
dropped at 1 p.m. G. M. T. 

Ans. Errors on April 2 : A 2^ 12™ 45-8« slow; B 6^ 43» 48-4» 
slow; C 0^ 7» 42-4» fast. 

Errors on April 5 : A 2* 12» 59-3» slow ; B 6^ 43"" 38-8« slow ; 
C 0^ 7"^ 271- fast. 

Daily rates : A 4-5* losing ; B 3-2* gaining ; C 51* losing. 

From numerous observations of this character an opinion is 
formed of the merits of each chronometer, excellence depending 
upon the regularity with which a rate, however large, is main- 
tained. 

Where facilities do not exist for obtaining errors and rates as 
in the above examples, these must be found from astronomical 
observations, a description of which vrill be preceded by that of 
the artificial horizon. 

The artificial horizon is an instrument which usually consists 
of a shallow rectangxdar basin B c filled with pure mercury, the 
surface of which (except near the edges) forms a perfectly hori- 
zontal plane (fig. 156).^ 

A ray of light from a body s will be reflected from such a 
plane in a direction o A, making an angle a o B with the plane of 
reflection B c equal to the angle s o c. An observer at A, near b g, 
vrill see, on looking at the mercury, an image of s proceeding 
apparently from a point Sj in a straight line with a o, as far below 
the horizontal plane as s is really above it ; since the angle A o b 
is equal to the angle s^ o c, the angle s^ o c equals the angle s o c, 

* Experience shovs that the level of the surfaoe of the meroory is sensibly affected 
by the near vicinity of masses of land, such as mountains. 
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and an observer at A measuring an angle between s and its 
image in the mercury will obtain twice its altitude above the real 
Jiorizon B c* 

The artificial horizon does not as a rule admit of measuring 
altitudes of less than 20"" ; at lower altitudes the rays of light 
from the object observed strike the mercury very obliquely, and 
the observer has to sit so far away that the object is only seen 
through a very narrow aperture of the roof. 

To obviate the disturbing effect of wind on the surface of the 

Fig. 156. 




mercury it is usual to cover the horizon with a glass roof d b, the 
sides of which meet at the top at an angle of 90^. 

Any fluid vnll answer the purpose of forming an artificial 
horizon, but mercury is usually preferred, on account of its high 
reflecting power and great specific gravity.^ 

If observing without the roof the altitude measured, on being obterva- 
corrected for instrumental errors, gives twice the apparent altitude, *^^^ 
but if using the roof an additional source of error may exist from 
the inner and outer surfaces of the glass sides not being exactly 

» This is only strictly true for an observer very close to o, but for all celestial 
bodies the distance of the observer from the horizon may be disregarded. 

* Oil (except in cold weather) forms an excellent substitute, and is much employed 
in the French navy ; its reflecting power is not so great as that of mercury, but it is 
not BO readily affected by motion of the ground in the vicinity. 

Excellent results are obtained by using a mercurial horizon with a shallow copper 
trough. 

Some t)b8erver8 amal g ama te the mercury with tinfoil : on pouring it out the 
amalgam which floats can be drawn on one side with a folded piece of paper, leaving 
a perfectly bright surface, free from dust or impurities. 

The form of artificial horizon used by travellers is a glass plate with aoouxately 
parallel faces blackened on one side and capable of being levelled by screws and small 
spirit levels. 
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parallel to one another ; this is partially obviated by turning the 
roof toxmA while observing, so that half the altitudes may be 
measured each way, and then taking their mean.* 

The observations should invariably be made in or near 
the centre of the horizon, since near the edges the surface of the 
mercury is not horizontal but convex. 
Altitudes of In observing the altitude of the lower limb of the sun in an 
artificial horizon the apparent upper limb as seen in the horizon 
glass of the sextant (the movable sun as seen through the invert- 
ing tube) is brought into contact with the lower limb of the 
image in the mercurial horizon or fixed sun, so that the reflected 
image in the mercury (or fixed sun) will appear to be the uppermost. 
If the upper limb is being observed the apparent lower limb as 

Fig. 157. 



Sim 




seen in the horizon glass (the movable sun) is brought into con- 
tact with the upper limb of the image in the artificial horizon 
(the fixed sun) ; in this case the reflected image in the mercury 
{or fixed sun) will appear to be the undermost. 

From this it follows that in the forenoon upper limbs sure 
closing suns and in the afternoon opening suns, while lower limbs 
are vice versd. 

In both forenoon and afternoon observations of the sun it is 
well to remember that the greater altitude must be that of the 
upper limb. 

If A B (fig. 157) represent the plane of the artificial horizon, 

> Except in observing equal altitudes (see page 343), when, the object being at the 
second observation to measure the same altitude as at the first, the horiaon is retained 
in the same position. 

The glass sides are carefully ground parallel by hand. 
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and u L the upper and lower limbs of the sun as seen tbrough an 
inverting telescope by an observer at a, then u' l' will represenir 
the reflected images of u L seen through the same telesQope. 

The double altitude of L is measured by bringing it into contact 
with l', and hence if the sun is rising these will be separating from 
one another, and if falling overlapping one another, while the 
reverse occurs when observing the upper limb. 

For nautical purposes the artificial horizon is chiefly used for 
observations of the sun (on shore) to determine the error of chro- 
nometer, and even when the natural horizon can be seen the 
mercurial horizon is employed for this purpose in preference, since 
by its use all uncertainty is removed as to the true place of the 
horizon at the time ^ {see page 360). 

The observed altitude of the sun's lower limb in an artificial Example 
horizon was 98** 14' 10", index correction— 4' 10". Required 
apparent altitude of sun's lower limb. 

Observed alt. 98° 14' 10" 

index corr 4 10— 

2) 98 10 

/. app. alt. sun's L. L. 49 5 

This apparent altitude is then corrected for refraction, parallax, 
and semidiameter, as on page 197. 

The error of a chronometer on Greenwich mean time, being Error of 
the difference at any instant between its indication and the Green- ^^' 
wich mean time, is usually found in harbour at a place whose 
longitude is known, by calculating from an altitude of a heavenly 
body the ship mean time, and thence finding the Greenwich mean 
time, which is compared with the time by chronometer when the 
altitude was observed.* 

* In obBeryations of altitudes made with the artificial horizon as compared with 
those made with the visible horizon, it is to be remarked that the effect of any 
error in determination of index error is reduced by half ; that due to error of coUima- 
tion is increased, while that owing to error of centering may be either increased or 
decreased. 

Crolonred glasses over the eyepieoe of the telescope should always be used when 
possible instead of the shades, and the brightness of the two suns carefully equalised 
by the up and down piece. 

The use of a sextant-stand greatly facilitates observations with the artificial 
horizon. 

' The box chronometers are not taken on shore, the times being noted by the hack 
watch, which is compared with the chronometers on board both before and after ; the 
latitude and longitude of the place of observation is taken from the plan of the 
harbour, as explained on page 42. If inconvenient to land and the sea 'horizon is 

% 2 
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Absolute 
sltitudes 



SQual 
altitudes 



Shore observations for error of chronometer are usually of pre- 
<;ifiely the same character as those for determining the longitude by 
sun chronometer at sea, the apparent and mean times of place being 
calculated a& in that observation. . 

The observations themselves are most conveniently made by 
carefully setting the sextant at readings 10' apart and noting the 
instants of contact. 

This, method of determining error is known as that by single 
or absolute altitudes^ and is liable to the same sources of error as 
are involved in the similar observation for longitude at sea. The 
most favourable time for its use is when the sun is on the prime 
vertical {see page 368). 

The second and more accurate method of obtaining error of 
chronometer is that known as equal altitudes, which involves care- 
fully noting the times when the sun has equal altitudes on both 
sides of the meridian. 

Such observations as single and equal altitudes can be made of 
any heavenly body, but, as in practice the error of chronometer is 
almost always obtained from observations of the sun, our illustra- 
tions will be limited to examples of that character. 



Erbor op Chronometer by Absolute Altitudes 

The calculation of the apparent time being effected in working 
absolute altitudes in precisely the same way as in the problem of 
finding longitude by chronometer, it is not necessary to repeat the 
remarks made on pp. 365, 368, but we illustrate the method by 
the following example : 

Examples May 10, at 8** 45™ a.m. mean time nearly, in latitude 50** 48' N. 

and long. 1** 6' W., when a chronometer showed 8'' 26™ 59-7», the 
observed altitude of the sun's lower limb in the artificial horizon 
was 78** 24' 55",* index correction + 4' 24". Required the error of 
the chronometer on Greenwich mean time. 

N.B. — The approximate error of chronometer was 21 minutes 
slow on Greenwich mean time.* 

visible from the anchorage, fair results may sometimes be obtained hj nsing that 
instead of the artificial horizon. 

for illastrationB of the occasional use of artificial horizons on board large ships 
the reader may refer to the remarks in Mr. filackbume's A and B AnmtUh Tables. 

> Usually (but not always) the mean of a set of five or more observations taken 
by setting the sextant to altitudes an equal number of minutes apart. 

^ In observations for error of chronometer the approximate error is always known 
beforehaddf 
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May 9, M. T. of pi. 20»' 45» Time by chron. ... e** 27" Sun's semidiameter 15' 51" 
Long, in time 4 W. approz. error slow 21 

Greenwich date 20 49 approx. mean time 1 8 48» + 12 =: 20" 48<" May 9, 

at Greenwich J or 3*2 from noon May 10. 

Sun's Declination. Var. in 1 hour. Qbs. alt. ... TS"" 24' 55" 

May 10th l?** 35' 18" N. 39-7" incr. index corr.... 4 24 + 
change... 2 7 ^3^ 2)78J9J9 

17 33 11 794 39~14 39 

1191 corr. in alt... 1 12- 



12704 39 13 27 

Equation of Time. Var. in 1 hour. demidiam ... 16 51 + 

10th...3"> 48-3» sub. from 012 deer. true alt 39 29 18 

•change 0*4 app. time 3*2 90 

3 48-7 -384 zen. dist. ... 50 30 42 

Lat 50° 48' 0" N. log sec lat 0199263 

decl 17 33 10 N. „ seeded 0020707 

diff. 33'l4"50 i L hav S 4824496 

zen. dist. 50 30 42 i „ hav D 4176356 

sum 83 45 32(8.) L hav 9-220822 

difif. 17 15 52(D.) 

.-. apparent time 20^ 47«* 29» 

equation of time 3 48*7 — 

.-. ship mean time May 9 20"43 40^3 

long, intime^ 4 24*0 W. 

Greenwich mean time May 9 20 48 04*3 

chronometer showed (adding 12 hours) ... 20 26 59*7 

.-. error on Greenwich mean time 21 4*6 slo^!^,'* 

KoTE. — The error is generally required on Greenwich mean time, but can of course 
be similarly obtained on either ship apparent or mean time. 

3. Find the error of a chronometer on ship mean time, having 
given the latitude of the observer 5=53"* N., the sun's true altitude 
=23° 17' 20" (west of meridian), the declination =2° (V 30" N., 

* This should be taken out to the nearest second of time and the logarithms 
employed in finding the hour angle taken out accurately, the error being found to at 
least one place of decimals. 

^ It is customary to consider the chronometers in a ship as either aU slow or 
all fast on O. M. T. 
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and the equation of time =6™ 58*, to be added to apparent time ; 
the chronometer showing at the instant of observation 3'' 24"* 46*. 

Ans. 11" 42' slow- 

4. Find the error of a chronometer on mean time at the place 
of observation, having given the latitude of the observer=47** 
30' N., the sun's true altitude=20^ 11' 45" (west of meridian), the 
declination =20° 1' 30" N., and the equation of time=3'" 45», to 
be subtracted from apparent time ; the chronometer showing at 
the instant of observation 5*' 10™ 32*. 

Ans. 0^ 12'" 6P slow. 

5. Find. the error of a chronometer on mean time at the place 
of observation, having given the latitude of the observer =60*" 
48' S., the sun's true altitude =33** 4' 15" (east of meridian), the 
declination =14'* 35' 20" S., and the equation of time=14" 5% to 
be added to apparent time ; the chronometer showing at the 
instant of observation 8** 51" 20'. 

Ans. 11»» 42" 34-8* slow. 

6. May 20, at 5'' 20" p.m. mean time nearly, in lat. 47° 20' N. 
and long. 94° 30' E., when a chronometer showed ll'^ 5" 20^, the 
observed altitude of the sun's lower limb in an artificial horizon 
was 39° 56' 20", the index correction -4' 10". Eequired the 
error of chronometer on Greenwich mean time. 

Ans, 1" 12'62- fast. 

7. Feb. 3, at 10^ 30" a.m. mean time nearly, in lat. 49° 30' N. 
and long. 22° W., when a chronometer showed 0*» 2" 30', the 
observed altitude of the sun's lower limb in an artificial horizon 
was 38° 46' 20", the index correction + 3' 20". Required the 
error of chronometer on Greenwich mean time. 

Ans, 9" 13-2» fast. 

8. March 25^ at 3^ 20" p.m. mean time nearly, in lat. 52° 10' N. 
and long. 36° 58' 15" W., when a chronometer showed 5*^ 40" 
58*, the observed altitude of the sun's lower limb in an artificial 
horizcm was 50° 14' 30", the index correction— 6' 10". Required 
the error of chronometer on Greenwich mean time. 

Ans, 8" 42-8» slow. 

9. May 19, at 2!^ 0" p.m. mean time nearly, in lat. 49° 50' N., 
and long. 21° 4' 45" E., when a chronometer showed V' 23" 20% 
the observed altitude of the sun's lower limb in an artificial hori- 
zon was 85° 45' 10", the index correction + 4' 10". Required the 
error of chronometer on Greenwich mean time. 

Ans, 10" 170« slow. 



Digitized by 



Google 



ERROR OF CHRONOMETER 343 



Elements from * Nautical Almanac' 
Sun's Deolination. Equation ol Time. Semi. 

May 20 19*» 54' 26" N a-" 46-2» sub 15' 49" 

Var. in 1 hour, 30-94" incr 0141" deer. 

Feb. 3 16^ 36' 41" S 14" 5-6- add 16 14 

Var. in 1 hour, 4451" deer 0*243» incr. 

Mar. 25 V 40' 56" K 6« 13-8- add 16 3 

Var. in 1 hour, 58-86" incr 0-769» deer. 

May 19 19** 41' 37" N 3"^ 49'6- sub l5 49 

Var. in 1 hour, 31-79" incr 0120* deer. 

Error of Chronometer by Equal Altitudes. 

When the sun's centre is on the meridian of any place, the Equal 
local or ship apparent time is then either 0** or 24*». To obtain »i***^<i®« 
mean time at the same instant, we have only to apply the equation 
of time with its proper sign. We thus find mean time at the 
instant the sun is on the meridian, and if we can also ascertain 
what a chronometer showed at the same instant, it is manifest 
that the error of the chronometer on mean time at the place is 
known, since it will be the difference between the two times. 

To find the time shown by the chronometer at apparent noon, 
we have recourse to the method of equal altitudes, which consists 
in noting the time shown by the chronometer when the sun has 
the same altitude on both sides of the meridian ; half the interval 
between the observations being added to what the chronometer 
showed at the first observation will be the time shown by the 
chronometer when the sun was on the meridian, if the declinatiofi 
is supposed to be invariable in the interval between the observa- 
tions. 

But the sun's declination is not invariable, but increases or 
decreases by a small amount during the interval ; so that the 
declination at the second equal altitude is not the same as at the 
first ; and therefore half the interval between the observations being 
added to the time shown by chronometer at the first observation 
will not be the time the chronometer shows when the sim is on 
the meridian, but will differ by a few seconds. This difference 
expressed in apparent time is called the equation of equal 
altitudes} 

* The equation is nothing at the time of the sun being in the Bolstioes (Jane 21 
and December 21), since the declination then does not change, and is a maximum 
when the deolination is changing most rapidlj (March and September). 

The method of finding the time of meridian passage of a heavenly body by eqaal 
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Theory Giyen the elapsed time, and change of declination in the 

interval ; to investigate an expression for the equation of equal 
altitudes^ 

Let p be the pole, z the zenith, and x and y the places of the 
sun at the times of the observations when the zenith distances z x 
and z Y are equal. 

First Suppose the polar distance to be increasing (fig. 158) ; 
. then the polar distance p Y will be greater than p x, and therefore 
the angular distance z p x is greater than the hour angle z P T, or 
greater than half the interval x p y, since the sun will, owing to 
the change of declination, arrive ea/rlier on the circle of equal 
altitude XT y. Make zpt = zpy, and let the angle xpt = 2a:, 
and the elapsed time, namely the angle x p Y = s. 

Then € = ypt + xpt=2zpt + 2x, 
.-. i € = z p T + « : add x to both sides, 

.'. i€ +a; = zPT-f2a: = ZPX= angular distance from the 
meridian, or the time that must elapse (by chronometer) before 
the sun is on the meridian p z. 

Second, Suppose the polar distance to be decreasing (fig. 159), 
or p Y less than P x ; then in a similar manner it may be shown 



Fio. 158. Polar distance increasing. 
N 



Fio. 159. Polar distance decreasiiig. 




S S 

that the time to noon or the angle zpx=ig — x, since in this 
case, owing to the change in declination, the sun will arrive on 
the circle of equal altitude, passing through x later than it other- 
wise would. 

The value of x, or half the difference of the two hour angles 
in seconds of time, is called the equation of equal altitudes, 

altitudes was employed in astronomical observations in 1666, and used at sea (see 
footnote, page 312) by Picard, a French astronomer, in 1671. 
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and is generally (except in low latitudes) additive to the mean of 
the two times by chronometer of observing the same altitude 
when the sun's distance from the elevated pole (north or south) is 
increasing, and subtractive when it is decreasing. 



Investigation of Equation of Equal Altitudes. 

About z as a centre (fig. 158) with radius z x describe the 
circle x t t, and join t z. Then p t == p y (for y z = t z, and z p t 
was made equal to z P y, and p z is common to the two triangles). 
Again, about p as a centre describe the arc of a parallel of decl. 
X V ; then t v is the difference between p x and P T or p y ; that is, 
it is the change of declination in the interval of elapsed time e. 

Let the declination at apparent (local) noon = d. 

Let the change of declination from the meridian to the time 
of either observation = d". 

Then in fig. 158, d^+ d" will be the declination at time of a.m. 
observation, and d — d" that at time of p.m. observation. 
Let the latitude of place =r ;. 

In the triangle z p x 

(1) cos z x=sin I sin (d -f d") + cos I cos (D + d") cos z p x. 

In the triangle z p y 

(2) cos z Y=sin Z sin (d - d") + cos I cos (d — d") cos z p y. 
But cos z x=cos z y, and by subtracting the second equation 

from the first we have 

0=sinZ [sin (D + d")— sin (d— d")] + cos Z [cos (D + d") coszpx 

—cos (D— d") cos zpy]. 
But zpx=(i€+aj) and zpy=(i€— a:). 

On substituting these values, and then expanding and multiplying 
out, we find 

= 2 sin I cos d sin d"— 2 cos Z sin d sin d" cos ^s cos x 
— 2 cos I cos D cos d" sin ^s sin x. 

By transposing and dividing by the coefficient of sin x 

„. _ tan d" tan I tan d" tan D^^„ ^ 

sm x= . — r— — — , — , cos X. 

sin ^B tan \e 

But since x and d" are always small quantities, we may substitute 
X iot its sine, d" for its tangent, and unity for cos «, when 

^ d" tan I d" tan d ,. ^^ . 

a:= — -. — T~ — - . -, — (m arc), 
sm ii tan ^e 
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.-. X (in time)= ^V^" . tan I . cosec i e— ^t ^" • ^^"^ ^ • <^t i*- 

Let M=^(2" . tan Z . cosec ie, 
„ N=^V^" . tan D . cot ie ; 

then the equat. of equal alt. a;=M— n. 

It will be seen that in the case illustrated by fig. 159 the 
equation would equal — (m — n) or n— m. 

Hence generally the equation of equal altitudes =M + n. 

To determine the signs of m and n in any particular case 
it will be remarked that in the preceding investigation d" has been 
considered positive when the sun is moving in declination from 
north to south, and therefore it must be considered to be negative 
during the opposite season of the year. 

Tan 2 will also change signs with change of latitude from north 
to south, and tan d will similarly change signs as the declination 
changes from north to south.* 

From these considerations the following general rules are 
derived : 

(1) M is positive when declination is decreasing and of same 
name as latitude, or increasing and of a different name. 

(2) M is negative when declination is decreasing and of a 
different name from latitude, or increasing and of the same 
name. 

(When elapsed time is 
greater than 12 hours 
cot ^6 changes sign,, 
(4) n is negative wiien decJmation is and therefore in this 
decreasing. case the sign of N in 

\each case is reversed. 

In other words, m is + from the summer to the winter solstice 
of the hemisphere in which the observer is, and— from the winter 
to the summer solstice. 

n is + between the equinoxes and soltices and — between the 
solstices and equinoxes except when the elapsed time is greater 
than 12 hours, when the sign of n is reversed. 

It will be remarked that in connection with the values of m 
and n, 



* The work of calculation maj be shortened without any appreciable loss of aoca- 
racj by using Inman's Tables, No. 43, where the factors depending on e and | c are 
tabulated. 
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(1) When 1=0, m=o 

(2) „ D = 0, N = 

(3) „ d" = o, both M and N==o 

(4) „ I equals or exceeds d, m exceeds N ; but when d 
exceeds I, N will first equal and then exceed m for certain values 
of t ; thus withlat. 5**, declination 9° 55' 30" (of dame name), and 
elapsed time 8 hours, n and m are equal, and with the same lat. 
and greater declination n will exceed m. 

NoTB. — The preceding roles for the signs of the two parts of the equation of equal 
altitudes apply to the usual case of observing equal altitudes of the sun in the 
morning and following afternoon ; where circumstances of weather necessitate 
employing an afternoon altitude, and the corresponding equal altitude the n^xt morning, 
the error thus found is that at midnight. In this case the sign of h must be changed, 
but notihat of N. 

The sign of u changes since equal zenith distances observed in latitude + 1 are 
equivalent to the supplements of such equal distances observed in latitude — I at the 
antipodes. 

Hence, since tan Z, and therefore m, changes sign, the usual formula, with that 
alteration, will give the equation of equal alts, for noon in lat. —l corresponding to 
midnight in lat. + 1. 

This method is theoretically as accurate as that previously given, but during the 
longer elapsed time the rate of the chronometer may probably not be so uniformly 
maintained. The mode of observation is exactly the same, except that they are taken 
in reverse order, the last of the afternoon being the first in the following forenoon. 

The method of calculation will now be illustrated by the 
following examples, observing that the observations will stand 
recorded in the following form : 



Altitude. 


Times by watch, a.m. 


Times 


by watch, 


P.M. 




Bums. 


66*> 0' 


3»' 


25'" 29- 


8" 


36'" 13-6* 




12'» 


in, 


42'5« 


10 




25 50 




35 52 








42 


20 




26 11-5 




35 81-5 








43 


30 




26 32-7 




35 10 








42-7 


40 




26 53 




34 49-5 








42-5 


50 




27 13-5 




34 28-3 








41-8 


66 




27 35-3 




34 7-5 








42-8 


10 




27 56-5 




« Lost. 










20 




Lost. 




33 25 










80 




28 38 




33 3-5 


Mean 


12 


1 


41-6 
42-38 



Approximate time by watch at apparent noon 6 51*19 

The close agreement of the seconds in the last column being 

an excellent criterion of the quality of the sights. 

. On Aug. 7, in lat. 50^ 48' N. and long 1° 6' W., the sun had Example* 

equal altitudes at the following times by chronometer : * 

* These timed correspond to the means of sets of observations, naaaily five or seven 
in number, separated by equal dififerences of double altitude of 10' or less. 

The rate of the chronometer, however large, does not (if regular) affect the result, 
since the mean pf a.u. and p.m. times truly shows the chronometer time at mid-day. 
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A.M. P.M. 

gh 25°» 42-5» 2^ 59"» 55-6- 

Bequired the error of chronometer on mean time at the place, 
and also on mean time at Greenwich. 

August 7, local apparent time 0^ 0" 

long, in time 4 

Greenwich app. time, August 7.... 4 

Note.— The equation of time and declination are to be taken oat of the NauUeal 
Almanac for apparent noon and oorreoted for Greenwich apparent time. 

Equation of Time. Variation in 1 Hour. Chronometer Times. 

Aug. 7 ... S"" 33-00' 4°'is ^ 0'3' s ub, p.m.... 14»» 59" 55-6» 

0;02 0.02 A.M.... _9^ 25 42 5 

6 32-98+ elapsed T. 5 34 131 

i elap. T. 2 47 6-66 
Sun's decl. 7th, 16^ 34' 28" N. Var in 1 hr. 4141" deer. 41-41" 
corr. 2 hrs. from noon -06 ^ el. time 2' 78 

16 34 26 2-4846 33128" 

28987 
8282 

d"=^ 1151198 

(1) (2) 

L tan lat 10088633 L tan decl 9-473680 

„ cosec i el. time 10-176373 „ cot i el. time 10048960 

log change of decl. (d") 20 61075 log change of decl. (d") 2^061075 

2-325981 1-583715 

log 15 1-176091 log 15 1-1 76091 

1-149890 0-407624 

M= +14-12- N=-2 56» 

N=-- 2-56 
eq. of equal alt. +11-56 

A. M. chronometer time 9** 25" 42-5" 

Relapsed time 2 47 6-55 

12 49-05 

equation of equal altitude 11-56 + 

time by chronometer at apparent noon 13 0-61 

apparent time at apparent noon 

equation of time 5 32-98 + 

mean time at apparent noon 5 82*98 

time by chronometer at apparent noon 13 0*61 

error of chronometer on mean time at place 7 27-63fast. 
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To find error on Greenvnch mean tvnie. 

Mean time at apparent noon 0** 5" 32*98* 

longitude in time 4 2400 + 

mean time at Greenwich : 9 56-98 

time by chronometer 13 0"61 

EBROR OF CHRONOMETER on Gr. mean time 3 3-63 fast. 

Note. — If UBing Inman's Tables, No. 43, the two parts of the equation of equal alti- 
tudes in preceding example would be obtained as follows : 

log A 9-4451 logB 9*3178 

log tan Z 10-0885 log tan (2 9-4737 

log 41-41" 1-6171 log41"-41 1-6171 

I-TsOt" 0-4086 

.•.M= +14-13 .•.N=-2-66 

Practicallj ai;;reeing with the former result. 

10. Aug. 7, in lat. 50° 48' N. and long. V & W., the sun had 
equal altitudes at the following times by chronometer : 

A.M. P.M. 

9^ S"* 42'3» 3^ 21"» 54-2» 

Bequired the error of the chronometer on Greenwich mean time. 
For elements from Nautical Almanac see preceding example. 

Ans. 3°^ 2-83» fast. 

11. Aug. 20, in lat. 50° 48' N. and long. 1° 6' W., the sun had 
equal altitudes at the following times by chronometer ; 

A.M. P.M. 

W 49" 15-4- 1» 27° 27-6» 

Eequired the error of the chronometer on Greenwich mean time. 

Ans. V^ 902» fast. 

Elements from * Nautical Almanac ' at App. Noon. 

Equation of time 3"» l-94» + , var. in l»^=0-606»- 
Declination, 20th, 12° 34' 59' N. Var. in l**, 49-58" deer. 

12. Sept. 9, in lat. 50° 48' N. and long. 1° 6' W., the sun had 
equal altitudes at the following times by chronometer : 

A.M. PM. 

9»» 45™ 55-2» 2^ 20° 39-9» 

Eequired thje error of the chronometer on Greenwich mean time. 

Ans. 0'» 2° 9-66* fast. 



Digitized by 



Google 



360 NAVIGATION AND NAUTICAL ASTRONOMY 

Elements from * Nautical Almanac ' at App. Noon. 

Equation of time, 2" 58-43»-,var in l^'=0-866« + 
Declination, 9th, 5° 27' 27" N. Var. in 1\ 56-75" deer. 

13. May 13, in lat. 50^ 48' N. and long. 15° 0' W., the sun 
had equal altitudes at the following times by chronometer : 

A.M. P.M. 

10^ 46» 570- 1^ 39™ 420« 

Required the error of the chronometer on the mean time at the 
place, and also on Greenwich mean time. 

Ans. Fast on mean time at place, 17™ 4-7*. 

Slow on Greenwich mean time, 42™ 55-3*. 

Elements from ' Nautical Almanac * at App. Noon. 

Equation of time, 3™ 53-8»— , var. in 1*»=0-01«- 
Declination, 13th, 18° 28' 49" N. Var. in l^ 36-33" incr. 

To find the approximate time by chro}i,ometer when the p.m. 

altitudes should he observed. 
After taking the observations in the morning, it will always 
be convenient to estimate nearly at what tim^ by the chronometer 
the observer should prepare to take the p.m. sights. To do this 
the error of the chronometer on mean time at the place must be 
supposed to be known within a few minutes. Thus suppose (as 
in the last example) a chronometer is known to be about 17 
minutes fast of mean time at the place, the time of the a.m. 
observation was by chronometer 10** 46™ 57*, equation of time 4 
minutes additive to mean time. It is required to find the time 
the chronometer will show in the afternoon when the sun has the 
same altitude. 

Let a = estimated error of chronometer on 
mean time at place (supposed 
fast), 
^=time shown by chronometer at a.m. 
observation ; 
then ^— assmean time at a.m. observatioil nearly. 
Let £= equation of time (supposed additive 
to mean time). 
.'. ^— a + Es= apparent time at a.m. observation. 
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.*. 12 — (^-a + E) = apparent time from noon of a.m. 
observation. 
= apparent time of p.m. observation. 
.-. 12— (^ — a + B)— E=mean time of p.m. observation. 
And 12 — (^— a + B)— B + a=time of p.m. observation by chrono- 
meter. 

.-. time of P.M. observation as shown by the chronometer 

=12 — (^— a + E)— E + a 
=r2-^ + 2(a-E). 

Thus in the supposed case ^=10'' 47™, a =17"*, e=4" ; 
.-. time by chronometer =1*' 13" + 26"= I*' 39". 

It appears from this that the observer need not prepare to take 
his P.M. sights until 1'^ 30" by chronometer. 

A similar formula may be made to suit any other case. 

Prom another point of view let T=niean time of transit of 
sun=0'*±B, the equation of time, 

a as estimated error of chronometer on mean time, 
a, =a estimated error of chronometer on apparent time=a±E, 
^=time shown by chronometer at last observation A.M. 

Then (t ± a) — ^« angular distance from meridian nearly, and, 
therefore, approximate apparent titne of p.m. observation. 

Hence on appljdng ai to the apparent time we find what the 
chronometer will show at that instant. In the example given 
T=1P 56", and (T + a) — ^=1*^ 26". This is the apparent time 
for p.m observation, and hence the chronometer at that instant 
will show V 26" + 13"= 1" 39". 

Equal altitudes of the sun may also be computed as in the seoond 
foUowing example:' ZXL 

At Gape Passaro Castle, Sicily, on August 1, 1866, the true altitudes 
double altitude of the sun's centre was observed to be 64^ at 
6«» 2" 23-2« by chronometer, and again at 2^ 27" 17 •2». 

Latitude of castle 36^ 41' N., declination of sun at time of 
first observation 18° 2' N., variation of declination in 1 hour 
37-75". 

The half-interval between the observations is 4** 12" 27", and 
the change of declination in the time 159". 

On calculating the sun's hour angle at the time of the first 

* Taken from a paper in Naval Science for 1874 bj the late Admiral Shortland. 
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observation by the usual method (page 285) it is seen that a change 
of + 120" in declination (increasing) will alter the value of L sec 
declination by + 0000082, the half L haversine of the sum (76** 
39') by— 0000159, and the half L haversine of the difference by 
+ 0000353: 

Hence a change of 120" in declination will give a change of 
+ 0'000276 in the L haversine of the hour angle. 

But with hour angle 4^ 12" 27» a change of 0000051 in the 
L haversine gives 1 sec. change in the hour angle, and therefore 
120" change of declination will give a change of 5 4 sec. in the 
hour angle, and /. 159" will give 71 sec, which is the equation 
of equal altitudes to be added to the half sum of the times in this 
case, because the sun arrives sooner at this altitude in the after- 
noon by twice the above interval than it would have done if it 
had not moved in declination. 

Thus 71 seconds being added to 10*> 14" 50-2* (the mean of 
the times) gives 10** 14" 57-3" as the chronometer time of meridian 
passage of the sun. 

BemarkB When the time is obtained from single altitudes, the result is 

directly dependent on the correctness of the three elements of the 
calculation employed, the latitude, true altitude, and declination ; 
the former may not be accurately known, error may exist in the 
altitude from defects of observation, instrumental or personal, or 
erroneous estimation of the refraction, and the declination may be 
vitiated by errors in the assumed time and longitude. From any 
of these causes, taken singly or in combination, errors may arise 
in the time deduced from the observations. Equal altitude 
observations, on the other hand, are in a great measure independent 
of these sources of error. If the object observed is a star, the 
time can be deduced at once from the observation without any 
calculation, the mean of the times observed being the time corre- 
sponding to the star's meridian transit ; and if the object observed 
be the sun, as is more generally the case, ' the equation of equal 
altitudes * required on the occasion is but slightly affected by small 
errors in the observer's latitude or in the sun's declination. The 
value of the method of equal altitudes consists in the same altitude 
being noted on the opposite side of the meridian without regard 
to its precise measure. 

A small error in the latitude is not of importance,* and hence 

> An error of 0' in latitude wiU only affect the value of m by the hundredth part of 
its value even under the most unfavourable oircumstanoes. 
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in a harbour whose latitude is only approximately known equal 
altitudes should be observed in preference to single altitudes. 

In low latitudes, where the sun moves rapidly, three observa- 
tions may be obtained at one altitude by observing both limbs and 
the centre. 

In high latitudes the value of m (depending upon tan l) becomes 
very large, and equal altitudes are not so accurate as in lower 
latitudes. The most suitable times for observation are when the 
sun is on the prime vertical, and it is recommended when prac- 
ticable not to observe nearer to the meridian than when the double 
altitude changes 10' in 30 seconds. The mean result of errors by 
single altitudes, observed a.m. and p.m. at nearly the same altitude, 
will be almost the same as that obtained from observations of 
equal altitudes, which circumstances of weather may prevent ; 
this method is also preferable to equal altitudes in high latitudes, 
where tan I (in the value of m), as already remarked, would be a 
large quantity. If equal altitudes of a star were observed, the 
mean of the chronometer times of observation would, without any 
correction, at once give the chronometer time of meridian passage, 
and thence by subtracting this from the local time of meridian 
passage accurately calculated as on page 213 the error on sidereal 
time of place, from which the error on sidereal and therefore on 
mean time of Greenwich could be found. 

In such an observation errors in latitude and declination 
produce no effect, since these elements do not enter into the 
calculation. 

Example, i— On March 15, at the Cape of Good Hope, lat. 83° 56' S..long. 1>> 13" 56* E. 
eqaal altitudes of Splca were observed as follows : 

West. 
2»» 40- 38» 
40 10-5 
39 42 



East. 


Doable alt. Spioa. 


10»» 20* 0-6' 


104« 0' 


20 28 


10 


20 55 


20 


Means 10 20 2783 





2 40 1017 
10 20 27-83 



Sam of times by chron. 25 38*00 

Mean of times, or time by 1 ^^ ^ ^^^ 
chron. at star's transit J 

To find the error of the chronometer on Greenwich mean time, we have — 

L. M. T. of star's transit at the Cape 13^ 42» 29*55' {see page 213). 
Longitade 1 18 5600 £. 

G. M. T. of star's transit at the Cape 12 28 33^5 
Time by chronometer 12 3 19*00 

Chronometer fast on G. M. T. 1 45*45 

* Taken from Chaavenet's Astronomy, 

A A 



Digitized by 



Google 



«64 NAVIGATION AND NAUTICAL ASTRONOMY 

The following ingenious method of obtaining the error and 
rate of a chronometer by equal altitudes of a star on the same side 
of the meridian was proposed by Biddle in 1820. 

The method of equal altitudes as applied to the stars, although 
both accurate and simple, is, however, affected by the material 
inconvenience that it is necessary to wait a long time at unsuit- 
able hours during the night for the duplicate observation west or 
east of the meridian, according as the star observed passes above 
or below pole. 

If, however, the observations are restricted to altitude on 
the same side of the meridian this difficulty vanishes, and both 
the error and rate can be determined from them by repeating 
the operations on subsequent nights. 

A star attains the same altitude on the same side of the meridian 
at intervals of a sidereal day (23'' 56"» 4-09«), or in 3~ 55'91' less 
than a mean solar day ; therefore, if the difference of the two con- 
secutive times at which a star attains the same altitude, whatever 
it may be, on the same side of the meridian be less than 3" 65-91' 
the chronometer will have gained, if more it will have lost so much 
in a sidereal day ; and if the observations are made at an interval 
of n days, the nth part of the difference compared with 3" 65"91' 
will in like manner give the rate in a sidereal day, and this rate 
multiplied by 1-00274 will be the rate in a mean solar day. 

The error at the mean epoch between the two observations for 
rate (separated by an interval of not less than five nor more than 
ten days) being obtained by calculating two star chronometers 
from which the errors on local mean times are known, and hence, 
in a place whose longitude is known, the errors on Greenwich 
mean time. 

It is desirable to select for observation stars on or near the 
prime vertical, preference being given to those situated near the 
equator. 

Bate of Chronometer. 

The mean daily rate of a chronometer is found by dividing the 
increase or decrease in its error by the number of days (usually, if 
circumstances permit, not less than five nor more than ten) 
elapsed between the times when the observations were taken to 
determine its error ; thus, suppose on April 20, when in harbour, 
at 9** 30" A.M., the error of a chronometer was found to be fast 
10" 10'5" on Greenwich mean time, and that on April 30 about 
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the same hour its error was found to be 10" 40-5" fast : then it 
appears that in the ten days elapsed between the observations the 
chronometer has gained SO", hence its mean daily rate in harbour 
is 3' gaining. 

Strictly speaking, the rate thus found is that which corresponds 
to the date mid-way between the times when the observations for 
error were taken, and the error should also be referred to that 
epoch ; thus in the case considered the error on April 25, at 
9.30 A.M., was 10™ 25-5" fast, and rate at that date 3 seconds daily 
gaining. 

It is customary to consider a gaining rate as positive or + , 
and a losing rate as negative or — , and refer both error and ra,te 
to the instant of the nearest Greenwich noon. If the performance 
of the chronometer were perfectly uniform, the best results for 
rate would be found by employing observations separated by as 
long an interval as possible, since errors of observation would then 
produce the least effect. The advantage of such a, long interval 
is, however, more than counterbalanced by the irregularities in 
performance of the chronometers due to changes of temperature, 
Ac. 

The rate (if determined, as it usually is, from absolute observa- 
tions) should be found by comparing a.m. sights with a.m. sights, 
or P.M. observations with similar p.m observations, not when 
avoidable by a comparison of a.m. sights at one time with p.m. 
sights at another. 

This is a requisite precaution to observe, since the error of 
centering will affect the errors on different sides of the meridian 
in opposite directions, and it is essential to accuracy that the 
observations upon which the rate depend should be similarly 
affected by the possible errors in the data on which they 
depend. 

Wlien the error and rate of a chronometer are given, we 
may determine what its error v^U be at some future time, 
provided the rate of the chronometer continues uniform in the 
interval. 

This is illustrated by the following example. 

On June 13, at 10^ 52" p.m. mean time nearly, in long. 60** W.^ Bxaaipte 
an observation was taken when a chronometer showed 2^ 50"* 42*. 
On June 1, at G. M. noon, its error was known to be 3°* 10-3" fast 
on Greenwich mean time, and its mean daily rate was 3*5* gaining. 
Required mean time at Greenwich when the observation was 
taken. 
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Ship, June 13 
long, in time » 


10» 
4 

14 


52- 
OW. 

52 


Interval from Jane 1 noon 
to June 13 at 14>> 52«, is * 
12M4»»62»-12«»15»» 
nearly or 12*6 days 

Accumulated rate .. 

oriffinal error 


Daily 


rate 
3 


. 3*5» 
12*6 


Or., June 13 . 


630 
378 

44*10 gaining 
10*3 fast 




present error 








8 
50 

46 

46 


54-4 fast 




chronometer showed 
Greenwich, June 14 
.'. Greenwich, June 13 


... 2 
... 2" 
...IT 


42-0 

47*6 A.M. 
47-6 



On August 10, at 3** 42" a.m. mean time nearly, in long. lOO"* 
30' W., an observation was taken when a chronometer showed 
10** 30"* 45 -S*. On August 1 at G. M. noon its error was known 
to be 12"* 10*5" slow on Greenwich mean time, and its rate 11 ^^ 
gaining. Eequired mean time at Greenwich when the observa- 
tion was taken. 



Ship. Aug. 9... 16»» 42" 
long, in time... 6 42 W. 

Gr., Aug. 9 ... 22 24 



Interval from 
Aug. 1 noon to 
Aug. 9, at 22»» 24»,- 
is 8* 22»» 24» or 
8*97 days 



.Daily rate . 



Accumulated error 
original error 

present error 



11-2- 

8*97 

"784 
1008 
896 

100*664 =sl» 40*4- 

1" 40*4 gaining. 
12 10*5 slow 



10 30*1 slow 



chronometer showed ... 10 13 45*5 



Greenwich, Aug. 10 10 24 15*6 a.k. 

.*. Greenwich, Aug. 9 22 24 l£r6 

14. On Nov. 20, at 6** 42"* p.m. mean time nearly, in long.. 
32° 0' E., an observation was taken when a chronometer showed 
4** 30" 6". On Oct. 9 at G. M. noon its error was known to be 
5« 52*4' slow on Greenwich mean time, and its rate 2-7" losing. 
Bequired mean time at Greenwich when the observation was. 
taken,. Ans. 4^ 37" 52-3». 

15. On Dec. 31, at lO** 10" a.m. mean time nearly, in long. 
150"* E., an observation was taken when a chronometer showed 
0^ 0" 22-3*. On Nov. 20 at G. M. noon its error was known to 
be 3" 52'4* slow on Greenwich mean time, and its rate 2-7" losing. 
Bequired mean time at Greenwich when the observation waa 
taken. Ans. 12** 6" 4». 

16. On April 11, at 3** 14" p.m. mean time nearly, in long. 
56® 42' W., an observation was taken when a chronometer showed 
7'' 2" 10-5'. On March 15 its error at G. M. noon was known to- 
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be 1" 32'7' fast on Greenwich mean time, and its daily rate 6"3* 
losing. Keqnired mean time at Greenwich when the observation 
was taken. Ans. 7^ 3" 29-7«. 

At sea every opportunity is taken when passing within sight of Error »t ge* 
An island or point of land whose position is well known to find 
the error of chronometer, and also, by comparing the longitude 
ascertained by chronometer with that taken from the ship's 
position on the chart, to find if the rate of the chronometer has 
differed from that allowed when commencing the voyage. 

On leaving Monte Video, Jan. 1, to proceed to the Cape of sxampiM 
Good Hope the chronometer at noon d. M. T, was considered to 
be 2** 17°* 12* slow on Greenwich mean time, rate 5'5» losing ; on 
Jan. 11 the island of Tristan d'Acunha was sighted, and when its 
sunmait, lat. 37** 2' S., long. 12° 17' W., bore S.E. true, distant 8 , • -/^ 

miles,* observations at 5 p.m. were taken, from which the error of 
chronometer on ship mean time was found to be 1*^ 28" 40" slow. 
Required the error on Greenwich mean time, and also the actual 
rate while at sea. 

The true longitude at time of observation (found either by 
calculation of course and distance from the summit or by measure- 
ment on the chart) was 12** 24' W., or, expressed in time, 0** 49™ 
36». 

Chron. slow on S. M. T. ... V" 28™ 40- 
Longitude in time 49 36 

Chron. slow on G. M. T. ... 2 18 16 on Jan. 11, at 5 p.m. ship M. T. 
„ „ „ ... 2 17 12 on Jan. 1, noon Monte Video M. T. 

Change in 10^ days ...... 1 4 or 64 seconds. 

.'. daily rate 6*35 sec. losing. 

If the longitude by chronometer is west of the true longitude, v •, . c 

ajid the vessel has come from the westward, then the rate if gain- 
ing must be lessy and if losing more than was allowed for ; if, on 
the contrary, the position by chronometer is east of the true 
position, then the rate if gaining must be more, and if losing less 
than that supposed ; opposite conclusions would be drawn in each 
case if the vessel had been steering to the westward. 

When there is a considerable difference of longitude between 
the two places it is important, especially when the rate is large, 
to take into consideration the fraction of a day due to this dif- 
ference of longitude. Thus the interval of time between noon on 
January 1 and noon on January. 11 at a place 30^ eastward of the 
first position is 10 days minus 2 hours, or the difference of longi- 

* Known either by estimation or by one of the methods described in Chap. lY. 
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tude ; and similarly the interval is 10 days plus 2 hours if the 
second place is 30** westward of the first. 

Harbour As indicated. in the preceding examples, the rate of a chrono- 

M^«iid«ea jj^Q^gp Q^t g^j^ ig geldom exactly the same as in harbour even at the 

same temperature. This is probably an effect of the motion of 

the ship on the mechanism. 

In ascertaining the longitude at sea the known error of 

chronometer on Greenwich mean time at some former date is 

corrected (usually) for accumulated rate as determined in 

hurbour. 

Under certain circumstances the actual rate at sea may be 

correctly found in the following way : 

2^^J[^ A large number of the most frequented seaports in the world 

have been telegraphically connected together and with Greenwich, 
so that their longitudes may be considered to be accurately 
known. 

An observation for error of chronometer made at such a place 
will, on applying the longitude in time, give the error on Green- 
wich mean time at that instant. Hence if observations for error 
in the course of a voyage have been made at two such places at 
an interval of a certain number of days apart, since each observa- 
tion gives the error on Greenwich mean time, the difference of 
such errors divided by the interval in days wdll give the actual 
mean daily rate during the voyage between those places, and on 
the supposition of the chronometer being approximately com- 
pensated for temperature will also give the probable sea rate 
during the next voyage. 

arMapie. Qn a voyage from the Cape of Good Hope (long. 18^ 26' 00'' E.) 

to Bombay, calling at Mauritius (long. 57° 31' 42" E.), the error 
of chronometer on ship mean time on March 1 (noon) at the Cape 
was 2'* 10" 14-18« slow, and on March 12 (noon) the error on ship 
mean time at Mauritius was 4** 47" 20'24' slow. Find the sea 
rate. 

Mar. 1, error slow on Cape 2^ 10" 1418" Mar. 19, error slow on Mauritius 4*" 47" 20*24* 
long, in time E 1 13 44*00 long, in time 3 50 6*8 



Mar. 1, error slow on G.M.T. 56 3018 Mar. 12, error slow on G. M. T. 57 
Mar. 12 „ „ 57 18*44 

change in lOJ sea days 
.'. daily sea rate 



13*44 



00 



43*26 
3*98 seconds losing. 



The rate thus determined should be used during the remainder 
of the voyage from Mauritius to Bombay in preference to a har- 
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bour rate at Mauritius, the determination of which would involve 
a detention of several days at that place. 

17. On Jan. 4 at noon a chronometer at Pljonouth (long. 
4^ 10' 12" W.) was 1" 10" 12-26» fast on ship mean time, and on 
Jan. 14 at noon the same chronometer at Madeira (long. 16** 54' 
45" W.) was 2'' 1» 30-68' fast on ship mean time. Find the sea 
rate. A7is. 1*87 sec. gaining. 

18. On June 2 at noon a chronometer at Monte Video was 
3h 2m 21-4» slow on ship mean time, and on June 16 at noon the 
same chronometer was 8'* 2™ 24-6» slow on ship mean time at 
the Cape of Good Hope. Bequired the sea rate. 

An$. 5*23 sec. losing. 

Long, of observing spot at Monte Video 56** 14' 00" W. 

Cape of Good Hope 18 28 45 E. 
In the case of a vessel after a short absence returning to the 
port sailed from, the sea rate may be found by dividing the 
difference between the errors on departure and on arrival by 
the number of days elapsed. 
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CHAPTEE Xin. 

Errors of observation — Errors affecting latitude — ^Errors affecting hour angles — Bates 
of changes of altitudes — Errors affecting azimuths— Errors caused by spheroidal 
form of earth — Precession of the equinoxes. 

In this chapter we shall first explain the sources of various errors 
which generally affect the results of some of the more important 
practical problems of Nautical Astronomy, and then investigate 
the circumstances of observation under which such errors will be 
the least possible. 
Change in The solution of almost all practical problems depends, as we 

place of have already seen, upon the measurement of altitudes of the 
heavenly bodies above the visible horizon. This horizon, even 
when apparently well defined, is often raised above its true 
position or depressed below it by irregular refraction to an un- 
certain and unknown extent. 

The actual state of the horizon at any time might be ascer- 
tained either by an instrument termed a dip sector, or by observing 
the altitude of a heavenly body and its supplement at the same 
instant ^ ; the sum of these, but for refraction (which may or may 
not be the same for opposite points of the horizon), should be 180" 
plus twice the true dip due to the height of the observer. 

Observations of this kind are much required, as well authenti- 
cated cases exist of great deviations in the position of the sea 
horizon at different hours of the day. 

Experiments made in the early part of this century show that, 
when the surface temperature of the sea is higher than that of 
the air, within a few feet above it, the tabular correction for 
apparent dip is too small, and when the sea surface is colder than 
the air the apparent dip taken from the table is too great ; errors 
of 3' to 4' were found in observed altitudes with a difference of 
9** F. in these temperatures. 

This uncertainty with regard to the position of the horizon 
renders it unnecessary at sea to work to seconds of arc, the nearest 

* This can only be done with ordinary sextants when the altitude exceeds 60^ ; the 
• supplement instead of the altitude is sometimes observed in night or twilight observa- 
tions when the horizon is more clearly defined at a point opposite to that under the 
heavenly body. 
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minute in all cases where altitudes are involved being sufficiently' 
accurate and logarithms taken out to the first four places only ; 
this is especially the case in all star observations. 

This source of error is augmented in night observations by the isnght 
difficulty usually experienced in seeing the horizon, but there ^'^••'^»*^<»» 
exists a great difference of opinion on the subject of the reliabilit)' 
of star observations at night. 

Some observers by taking the means of observations at, if 
possible, about the same altitude north and south of the zenith 
for latitude, and east and west of the meridian on the prime 
vertical for time, consider the results perfectly reliable; while 
others consider a latitude thus determined, even under favourable 
circumstances, liable to an error of at least 5 miles, and the longi- 
tude thus obtained to be still more doubtful. 

All observers, however, agree that most excellent results for 
both latitude and time are obtained from twilight observations of 
the stars and planets.^ 

It is evident on referring to figs. 118, 119, 120 that latitudes btpow in 
determined from meridian altitudes of heavenly bodies, either latitude *y 
above or below pole, are affected by the whole error in such 
observed altitudes. 

The altitude of a heavenly body may increase after crossing 
the meridian from two causes : (1) when the decUnation is rapidly 
changing so that the body is approaching the observer, and 
(2) when the observer is rapidly approaching the body, a circum- 
stance which will produce the same effect as an equal change of 
its declination in the contrary direction. The time (t) from that 
of meridian passage when the maximum altitude is attained is 
given by the following equation : 

T = Q-,nn-3---r// -^/-*'^ {see Chauvenet's 'Astronomy'). 
810000 sm 1" cos I . cos d 

^ The great speed of many modern vessels of war enables them to run distances of 
fully 800 miles in the winter season during the time when the stm is either invisible or 
unfavourably situated for observations ; this alone must of necessity lead to efforts to 
improve the present character of star observations, and may also lead to the invention 
of a form of artificial horizon adapted to use at sea. 

On this important subject the reader is referred to the opinions expressed by 
Captain Moriarty, B.N., in the Encyclop. Brit.t art. ' Navigation * ; by Captain Wharton, 
R.N., F.K.S., the Hydrographer of the Admiralty, in HydrographiuU Surveying ; and 
by Captain Lecky, KN.B., in Wrinkles in Navigation, 

Among various improvements in the construction of sextants, by which they have 
been rendered more efficient for night observations, may be mentioned (1) an increased 
size given to the object glass of the telescope ; (2) a cylindrical lens placed between the 
mirrors, by which the reflected image of a star is seen as a horizontal line of light ; 
and (S) a prism of double-refracting material, placed in the same position, by which 
two images of a star are seen and the horizon brought between them. 
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Where T is expressed in seconds of time, di is the hourly change 

of declination expressed in seconds of arc, and I and d represent 

the latitude and declination respectively. 

This is arrived at from the following considerations : 

From the observation made of the maximum altitude we can, 

from the f onnula used in the ex meridian problem, find the reduction . 

to apply to obtain the meridian altitude. From the formula on 

page 249 neglecting the second term, which is inappreciable, 
_ co s Z . cos d 2 sin^ ^h 
"" 'sin (l + d) sin 1"~ 

In this case x will be the change of altitude due to the apparent 

change of declination {d^ during the interval ft, or ^i^r^^ in seconds 

of arc, and on substituting and reducing we arrive at the equation 
given. 

The reduction {y) of the maximum to the meridian altitude is 
given by — 

(15t)' sin 1" cos I . cos d 
^ 2 sin {l^d) 

where y is expressed in seconds of arc. 

Suppose a vessel steaming 20 knots an hour south (true) in 
lat. 60^ N. to observe the maximum altitude of the moon when it 
has no declination, but the hourly change of decl. is 17' to the 
northward; the result of the combined movements of the ship 
and the moon will produce the same effect as if the ship were 
stationary, and the declination changed 37' an hour. 

If the observer and the heavenly body are approaching one 
another the maximmti altitude will be attained after the time of 
crossing the meridian, and if receding from one another be/ore 
that time for bodies above pole, and the reverse for the minimum 
altitude for bodies below pole. 

On substitution in the above equations it will be found that 
the maximum altitude will exceed the meridian altitude by 3' 28", 
and will occur 11™ 14' after the time of meridian passage. 

In the case of the sun under similar circumstances, with a 
maximum hourly change of declination of 60", the maximum 
altitude would exceed the meridian altitude by 1' 7", and occur at 
6" 22* after noon. 

If the value of t be substituted in the second formula, it gives 
_225 T sin 1" cos I . cos d d^ sin {l;;^d) 

^ "2 ' Qinil^d) * 810000 sin 1" ' cosTTcosrf 

''^ 2 ' 3600' 
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Now d^ is the apparent hourly change in the declination, and 
— — is the number of hours from mer. passage ; therefore we get 

the following : 

1. The reduction of the maximum to the meridian altitude is 
equal to one-half the change in the apparent declination which 
occurs in the interval. 

Also we know that 

2. For altitudes near the meridian their differences from the 
meridian altitude vary directly as the squares of the elapsed times 
from the time of meridian passage. 

The given example may therefore be worked without reference 
to the formulsB, thus : 

With lat. 50% dec. 0% and A =10", the diflference of altitude 
from the meridian altitude is calculated to be 2' 445"= 164*5" 

.-. for 1 min. the difference is 1*645". 

37' 

The change of declination in 1 min. = ^^ «37" 

.-.half,, „ „ =18-5". 

Then if x denotes the number of minutes of time elapsed 
between meridian altitude and maximum altitude. 

1-645j:»= 18-5a: 

1645aj= 18500 

a; = 11°* 14» 



And the reduction =18*5" x 11,^ =3' 28". 

In the case of finding the latitude by an altitude near the snor in 
meridian, the practical rule was deduced from the formula Ij?*^** ^^ 

(1) vers z=vers z— cos I . cos d . vers /* (see page 243). meridi«n 

The resulting meridian zenith distance z is affiected by errors 
in (1) z or the observed zenith distance, (2) in h, the supposed 
hour angle,^ and (3) in I or the estimated latitude. 

The effect of (1) is almost identical with the effect on a 
i7ieridian altitude. 

The effect of (2) may be thus investigated : 

Suppose that the true value of the hour angle is A,, then, 
remembering that an error in h will occasion an error of tJie same 
sign in z when east of meridian (that is to say,, too large an hour 
angle will give too great a zenith distance and vice versd), and of 
the opposite sign when west, the true value of z may be taken 
asz,. 

* In all the following inYestigaiions it should be remembered that hoar angles are 
estimated from (^ to 24^. 
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(2) .*. vers Zi=vers ;?— cos I . cos d . vers h^. 

By subtracting (1) from (2) 

vers Zj— vers z=cos I . cos d (vers A— vers Ai), 
cos z— cos Zi=cos I . cos d (cos Aj— cos h). 

(3) —2 sin i(z + Zi) sin i(z—Zi)= — 2cosZ . cos d. 

sin i (h^ + h) sin Hh^—h). 

Now i(z + Zi) is approximately equal to z, and iih^ + h) to h, 
while i(z— Zi) and ^(hi—h) being small, their sines are approxi- 
mately equal to the arcs in seconds multiplied by sin 1", .-. 
equation (3) may be written 

sinz (Z'-z^) sin l"=cos I . cos d . sin A (^i-^) sin 1". 

cos I . cos d . sin h ^, ,^ 
(4) .-.z-z, ^^ (h,-h). 

But near the meridian z is nearly equal to z, and from fig. 126, 

ciAn ^ sin p X cos d sin azimuth 
p. 242, we see -. = . — = ; — = — . 

sm X z sm ^ sm h 

On substituting this value in equation (4) we find — 

Error in meridian zen. dist.) , . . ., 

and .-. error in latitude I '"^^ ^ ' «"^ ''^''^^ ' ^"""^ "^ 
hour angle. 

Hence we see that the lower the latitude and the nearer the 
azimuth is io 90°, the greater the error in meridian zenith distance 
(and therefore of latitude) for a given error in h. 

Thus on the equator with the azimuth one point from the 
meridian the error in latitude arising from an error of one minute 
in estimated time is about 3 miles, and under similar circum- 
stances in lat. 60'' only 1^ miles. 

Hence we also see that under all circumstances the nearer the 
body is to the meridian the more accurate will be the result ; but 
that if the object can be observed at equal, or at nearly equal 
distances on each side of the meridian the mean result will be free 
from the effect of an error in h, since such error will be + in one 
case and— in the other. 

On similarly investigating the effect of an error (Z,— Z) in the 
assumed latitude we find 

_. , sin Z . sin azimuth . 2 sin* ^ . ^ 
z — Zi, or error m mer. zen. dist. = f . (Zi-Z) 

sin h 
But sin A=2 sin o . cos o =2 sin 5 » for cos o approximately = 
1, since h is very small. 
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On substituting this value of sin h and reducing 

(5) z — Zj=sin I . sin azimuth . sin ^ . (Z,— Z). 

Hence it is seen that the error in meridian zenith distance 
(and therefore in latitude), arising from an error in estimated 
latitude, increases with the azimuth and also increases as the 
latitude increases. 

In practice this error is eliminated by reworking the observa- 
tion {see page 243). 

Latitudes obtained from altitudes near meridian may be con* Bemark* 
sidered as reliable as those from meridian altitudes (if the limits 
indicated in the preceding investigations are attended to), with the 
advantage that several can often be observed. 

If observations cannot be obtained on both sides of the meridian, 
and if the position of the ship has not been determined astronomi- 
cally for some time, the effect of any estimated error in time should 
be found by substitution in equation (4). 

As extreme limits it may be shown that when the time is well 
known the second term may be neglected in lat. 60** with declina- 
tion 23** of the same name for observations taken 35 minutes 
before or after noon, that interval being extended to 80 iriinutes 
before or after noon in the same latitude and with declination 23** 
of an opposite name. In lat. 30** under similar circumstances 
the limits may be considered to be 10 minutes and 50 minutes. The 
usual practical rule being that the hour angle in minutes of time 
should not be greater than the meridian zenith distance in degrees. 

The errors in the calculation of hour angles (upon which our urrow in 
knowledge of the longitude depends) are of these characters : i^our angiM 

Fio. 160. T^® ^^^^ *^g^® (fig- 160) is calculated from 

the assumed values of pz (90**— lat.), zx 
(QO^'-alt.), and PX (90^-declin.) ; of these 
sides p z at the time of making an observation 
is frequently only roughly known, since it gene- 
rally depends upon the dead reckoning carried 
on from some former astronomical determina* 
tion ; and z x is also liable to error, chiefly 
from uncertainty with regard to the horizon 
above which the altitude is measured. 

PX may for purposes of navigation be 
always considered as accurately known, since the slow change 
occurring since the time when it is taken from the Nautical 
Almanac for Greenwich mean noon can be readily and correctly 
allowed for. 




Digitized by 



Google 



366 NAVIGATION AND NAUTICAL ASTRONOMY 

We have, then, to consider (1) the eflfect of an error in altitude 
on the hour angle, and (2) that of an error in latitude.^ 

In jfig. 160, let a represent the altitude', p the polar distance, 
I the latitude, and h the hour angle. 

Coszx=cosPZ . cospx + sinpz . sinpx . coszpx, 
(1) or sin a = sin Z . cosp + cos Z . sinj? . cos A. 

If a supposed error + a^ be made in the altitude there will 
result an error of + A, or — A^ in the hour angle, according to the 
position of the heavenly body observed with regard to the meridian ; 
hence 

sin (a + ai) = sin { . cos jj + cos I . cos p . cos (h±h^ where a^ 
and \ are both expressed in arc. 

On expanding this, and considering cos a^ and cos h^ each 
equal to unity, and sin a^ and sin \ equal to a^ sin 1" and h^ sin 
1" respectively (since a^ and h^ are both supposed to be small 
quantities), we find 

(2) sin a + cos a . a^ sin l"=sin I . cos 2? + cos Z . sin j? . cos h 

±cos Z . sin J? . sin A . hy^ sin 1". 

From equations (1) and (2) we have by subtraction 
cos a . «! sin 1"= ±cos Z . sin^ . sin A . A, sin 1", 

(3) orA, = ±a, , "^^^^ 



cos I . sin p . sin K 
From the original triangle p z x (fig. 160, p. 365) we find 

cos a_ sin z X _ cos Z _ sin j? 
sin h" sin zpx""sin pxz^sin pzx' 

These values introduced into equation (3) give (expressed in time) 

MX I ' sm p z X . cos Z 15 

1 11 

^ * sm p X z . sm j> 15 

{h^ being expressed in seconds of time, and a^ in seconds of arc). 

Hence it follows that for any particular values of Z and j?, h^^ or 
the error in hour angle occasioned by an error a^ in altitude^ is 
least when sin pzx=l ; that is, when pzx or the azimuth is 
90**, and therefore the heavenly body is on the prime vertical, 

* Tables showing the effect of errors in both latitade and altitude on the hour 
angle will be found in Wrinkles in Navigation. See also Leeky's A, B, G and D tables. 

The investigations given in the text do not apply when the body observed is near 
the meridian. 
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either east or west of meridian: or when sin pxz=:1; that 
is, when px z=:90°, which, as seen on page 316, can only occur 
when the declination of the heavenly body observed exceeds the 
latitude of the observer. 

It has already been shown that for the safne heavenly body 
the angle p z x and p x z cannot both be 90*". 

The supposed error will also evidently produce the least effect 
when Z 5=0, or when the observer is on the equator, and will con- 
sequently be less in a low than in a high latitude ; the errors in 
h and a will have the sanie sign when west of meridian, and 
opposite signs when east. 

In considering the effect on the hour angle of an error l^ made 
in the assumed latitude, we have, as in equation (1) of preceding 
article, 

(1) sin a=sin I . cos p4- cos I . sin p , cos h. 
Hence with the erroneous latitude Z-f-^i we find 

sin a=sin (Z4-Zi)cos ^ + cos (Z4-?,) sinp . cos (A + A^) where Z^ 
and ^1 are both expressed in arc, an error of +Zj producing 
different effects on the hour angles depending upon the true 
bearing of the body at time of observation. 

On expanding this and considering cos l^ and cos h^ each=: 
unity, and sin Z, and sin h^ equal to Z^ sin 1" and h^ sin 1" re- 
spectively (since Zj and h^ are both supposed to be small quan- 
tities), and also neglecting the term involving sin* 1", 

(2) sin a=sin Z . cos p + cos Z . cos ^ . Z, sin 1" 4- cos Z . sin j? . 
cos ft— cos A .sin Z . sinjp . Z, sin 1"— cosZ . Hinh.sin p . A^jsinl". 

Prom equations (1) and (2) we have by subtraction and 
transposition 

hi sin 1" (cos Z . sin A . sinp) = l^ sin 1" (cos Z . cos^? — cos h . sin Z . sin j?) , 
T 7 /cos Z . cos o— cos h , sin I , sin p\ 
\ cos Z . sm » . sm A / 



.Qv 7 7 cos Z . cot ©—COS h , Binl 

(3) or /ti=/i f . — J- . 

cos I , sm h 



But from the original triangle p z x by spherical trigonometry 
cos /. cot ^— cos h . sin Z=sin h . cot p z x. 

TT T. • 7 cot p z X , cot p z X . . ^. , 

Hence h. m arc=Z, — — or Z, -- -, A^m time,' 

cos Z cos Z 

(A, being expressed in seconds of time and Z^ in seconds of arc), 

' From this expression we see that when east of meridian the error of hour angle 
hsB the opposite sign to the error of latitude (that is, too mnch latitude gives too small 
an hour angle, and vice versd) when the true hearing of the body observed lies between 
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Fio. 



and the error in hour angle h^ occasioned by an error l^ in the 
latitude is least when cot p z x is least — that is, when p z x or 
the azimuth is 90"*, and the heavenly body is therefore on the 
prime vertical. 

This error is also less in a low than in a high latitude. 

Hence the error in hour angle (and therefore in longitude) 
occasioned by an error in either altitude or latitude is least when 
the body observed is on the prime vertical, and at that time 
varies directly as such errors. 

the elevated pole and prime vertical ; and they have the same signs when the body lies 
on the eqaatorial side of the prime vertical. 

When the body is west of meridian the signs are the same when the true bearing 
lies between the elevated pole and prime vertical, and opposite when the true bearing 
lies on the equatorial side of the prime vertical, the hour angle being supposed to 
increase from hr. to 24 hrs., and the bearing to be estimated from the elevated pole : 
this follows from the change of sign of cot p z x as it alters in value. 

Capt. H. S. Blackbume, late of the P. & O. S. N. Co., has published * A and B Tables ' 
for obtaining the angle p z x or azimuth by inverting this formula. Practically, the 
effect of an alror in lat. is usually found as in the example on page 285. 

The error of hour angle arising from (1) an error in 
altitude (only), and (2) an error in latitude (only), may be 
also graphically shown as follows : 

(1) In fig. 161 let p represent the pole, s the sun, and z 
and z, the true and erroneous positions of the zenith, both 
lying on the same parallel. Through p and s draw arcs of 
circles of declination and altitude passing through z and 
Z| ; with 8 as pole draw an arc of a small circle z x, passing 
through z ; and with p as pole draw an arc of a small 
circle z z, ; then z p Z| will represent the error in hour 
angle corresponding to an error Z| x in altitude. 

From the right-angled spherical triangle z p z, (the right 
angle being at z) we have sin z Z| = sin z p z, sin p z, or 
z z, = z p z, sin p z ; since z z, and z p z, are both small and p z = p z,. 

z z, __ Z| X 

' sin p z sin z, z x sin p z 
Since the triangle z x z, being small may be considered as plane, and has z x z,'* 
right angle ; also, since z, z x and q z s are both approximately 
complements of q z x, this last expression becomes 
z, X . 

sin Q z 8 sin p z * 
or error in hour angle = error in alt . cosec azimuth . sec lat. 

(2) To similarly investigate the effect of an error in latitude, 
let z and z, (fig. 162) represent the positions of the true and 
erroneous zenith, both lying at equal zenith distances from s; 
then, on making a similar construction to fig. 161 and drawing 
z X a parallel round p, z p Zi will represent the error of hour angle 
corresponding to an error of latitude z, x. 
Then, as before, 

_ z X _ z, X z , X . 

' " sin p z ~ tan z, z x sin p z ^ tan q z s sin p z * 
or error in hour angle » error in lat . cot azimuth . sec lat. 
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Fia. 163. 



In the case of the sun or any heavenly body whose iiemarks 
decUnation does not exceed 23^ N. or S. the time when it is on 
the prime vertical may be taken froiaa either the azimuth tables 
or from Inman's Tables (No. 37); in low latitudes this may 
occur shortly before and after noon, enabling the observations for 
lat. and long, to be taken within a short interval of one another. 
In those cases where the declination exceeds the latitude the best 
time for observation will be also shown by the azimuth tables, 
since the azimuth does not then change for some time. 

When the latitude and declination are of oppodte names the 
observation should be made when (if possible) the altitude is not 
less than 10**, in order to obviate the effect of irregular refraction 
at low altitudes. For heavenly bodies whose declinations exceed 
23** N. or S. the hour angle when on the prime 
vertical is found from the formula 

cos hour angle = cot lat . tan ieoV.y 

which hour angle applied to the time of 
meridian passage gives the time of crossing the 
prime vertical. 

Before proceeding to investigate the effects Bate of 
of errors on azimuths we shall show the rates ^^^^e^^ 
at which the altitudes oi heavenly bodies 
change when in different positions with regard 
to the observer ; and first prove that the altitude 
of a heavenly body changes most rapidly when 
it is on the prime vertical :-. 
Let s and s^ (fig. 163) be the places of any heavenly body 

when two altitudes are taken at a small interval of time 

apart. 

Let h == hour angle s P z, 2r = zenith distance z s, 
h^ ts hour angle s^ p z, jsr^ = zenith distance z s„ 
I s= latitude and d s= declination for the middle time 
between the observations. 

Then li — h^ = difference of observed times, 

z — z^ = corresponding difference of altitudes. 

T i. • 1 ^ <, „ 1. COS :? — sin (i . sin i 

In tnangle p s z, cos h = _ = , 

^ cos a . cos I 

„ p 8, z, COS h, = COB ^. - Bin d . Bin I 

^ COS d . COS Z 

, T COS Z — COS z. 

.-. COS h — cos h. = = y ; 

cos a . cos I 

B B 
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Altitude 
▼arie* as 
hour angle 
on prime 
vertical 



or 2 8in KA + h,) . sin i(A ^h,) ^ 2 bid i(^ + ^,) . sin i(^-^,) 

COS a . cos I 



(1) or sin A . (fe — h^ sin 1" = 



sm z 



cos d . cos I 



. (z — ;gri) sin 1". 



Since ^(h + h^) is nearly equal to A, and i(2r + ^r^) is nearly 
equal to z ; also since ^(h ^ h^) and ^(;2r ^ z^ are small 
quantities, their arcs, multiplied by sin l'^ may be substituted for 
their sines. 

From (1) we have by transposition and division 

cos d . cos Z . sin ^ 



jer — jer, = 



But 



cosd 

sin z' 



sin z 
sin PS sin p z s 



(h - h,) 



sm z s 



sin h 



Making this substitution on the right-hand side of the equation 
we have 



(A) 



-8? — j?i = COS I . sin p z s (A — Aj).* 



Hence when p z s is 90°, and therefore the heavenly body is 
on the prime vertical, the value of ^ — ^,, corresponding to a 
small change in the hour angle {h — h{), is a maximum ; or, in 
other words, the body will in that position rise or fall most 
rapidly in any one latitude. 

When p z 8 never attains the value of 90°, which, we have 
seen (page 316), occurs (1) either when the declination is greater 
than the latitude (both of the same name), or (2) when the latitude 
and declination are of opposite names, then the rate of change of alti- 
tude is greatest when the angle p z s attains its vsAxxe'nearest to 90°. 

In the first case this occurs when the angle of position p s z is 
90°, and in the second case when the heavenly body is rising or 
setting. On the equator a heavenly body on the prime vertical 
changes its altitude 1' in 4 sees, of time, and in any other latitude 
the change on prime vertical is to that on the equator as departure 
is to difif. long. 

The same equation shows that the rate of motion for small 
intervals of time varies as the cosine of the latitude when the 
body considered is on the prime vertical, and approximately so 
when near it ; hence at the equator such motion will be most 
rapid. Moreover, since in the position considered (on or near the 
prime vertical) differences of altitude vary as differences of hour 

* From this equation it is seen that all bodies on the same or opposite azimuths 
increase or decrease their altitudes at the same rate, irrespective of what their 
declinations may be. 
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angles, the mean altitude of a set of sights truly corresponds with 
the mean time of observation, and differences of altitude should 
bear the same proportion to one another as the corresponding 
differences of times of observation, thereby affording a test of 
their accuracy. 

Thus the following observations, taken near the prime 
vertical, are known to be good, since they fulfil this condition : . 

Time. Altitude. 

V" 10» 20» 54° 3' 20" 

11 10 6 30 

12 30 11 30 

In the expression for the value (x) of the reduction to the meridian, ciumge of 
on page 249. ^^^ 

_ COS I . COS d 2 sin^ \h 

"" sitt (Z;^d) ' sin 1" 

, . „ 2 sin» U 2(U sin 1")« A« . ^„ 

smce h is small — . — J-= -^^-^ — ,„ ' = ^sm 1" 
sm 1" sin 1" 2 

cos {.cos (2 sin 1" ,, 

. . iCss — , — — — — • _-— • /» • 

sm (l-j^d) 2 

Hence, near the meridian the change of altitude varies as the 
sqiuire of the hour angle or of the angular distance from the 
meridian, and therefore the mean altitude of a series does not 
correspond to the mean of the times of observation. 

The expression showing at any instant the change of altitude 
{z — z^) corresponding to a change of hour angle (A— A^) is 

a. ^ — «/^o7o;«T>^v/i. I, \ , cos Zsinpzxcospzxcospxz (A-/t,)« 

z — Zi ^cos I Bin p z X (/I — rtt ) + . — - . -^ i' 

^ sm fe 2 

When either p z x or p x ZissOO*" the second term on the right 
side vanishes and we obtain equation (A), page 370. 

In determining the deviation of the compass from an altitude Erron in 
azimuth, any error in the observed altitude will produce the least ^j*,^^^! 
effect when the motion in altitude bears the greatest possible ratio 
to the motion in azimuth.^ 

The relative changes of altitude and azimuth of a heavenly 
body may be illustrated by the accompanying figure drawn on the 
plane of the horizon, fig. 164. 

> It may be shown that if a; is the altitude of the son when ii is changing most 

.••^:;ii« «;« « sin declination ^_ sin latitude ,. .t. < ^-^ ^ • 

rapidly sm x= — j— -,-. - or -. - - _ aocordmg as the latitude is greater 

sm latitude sm dechnation ^ ^ 

or less than the declination, and if y is the altitude when its bearing is changing 
slowest sin y- tan ^, tlierefore an error of altitude produces the least effect at some 
altitude between x and y (see Naval Science for 1874). 

B B 2 
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It X a b Y represent the diurnal patli of a heavenly body x, 
equal portions (ab) of this arc will be described in equal times 
owing to the earth's uniform motion of rotation. 

If the motion in a b be resolved in the direction of a circle of 
altitude and also at right angles to it, then a c will represent the 
change in altitude, and the arc of ^the hoxi^oh corresponding to be 
will represent' the corre^nding change in azimuth. 

Similar figures should be drawn by the reader to illustrate these 
relative changes for other values of the lii,titude and declination. 

The effects of errors in altitude and latitude on the a2dmuth 
may be investigated in the same way as qn.pp.-366, 367, but the 

.-••'.;; ' Fro. 166. : , 
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following will afford an illustration bf another and more graphic 
method of arriving at the same result : 

In fig. 165, if s Si and s, Y are arcs of circles drawn round v and 
z as poles, it is evident tihat s z s^ represents the error in azimuth 
arising from an error s Y in the altitude, and that each of the angles 
p s Sp p Si s, z Y Sp and z Sj y is approximately a right angle. 

From the triangle Sj Y z we have 



(1) 



s, zssss, Y cosec s.z 



But from the triangle s Y Sj, which, being small, may be considered 
to be a plane triangle, we have 

8iY=8Y tan SiSY 

(2) =:SYCOtPSZ. 

Substituting in (1) this value of Sj Y, 

Si z Sssts Y cot p s z cosec Sj z,- 
or error in azimuth = error in alt. sec alt. cot PS z. 
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Hence the error is least whea the altitude is low and p s z or 
the angle of position is 90**. 

On similarly investigating the effect of an error ip latitude on 
the azimuth we find : 

Error in azimuth = error in lat. sec lat. cot hour angle. Hence 
an error in latitude produces its least effect when cot h vanishes — 
that is, when A=90** and the heavenly body observed is on the 
six o'clock hour circle; or when cos Z is a maximum or the 
observer is on the equator. 

In the case of a time azimuth the effect of an error in the Error in 
apparent time on the resulting azimuth may be found from **^ 
equation (1) of the preceding article (fig. 165, page 372). 
Si z 8s=s, Y cosec Si z. 
But s, Y=s Si cos p s z 
and s Si = 8 p Si sin p s^ 

sin p s, 
.'. S, Z 8=S P S. cos P S Z ,:r—zr^9 
* * sm z Si 

. , . sin azimuth . cos p s z 

or error m azimuths error m tmie — v , > 

sin hour angle 

which will be a minimum when either the hour angle is QO"* or 
6 hours, or when the angle of position p s z is 90**, at which time 
the azimuth does not change. 

Although the preceding investigations indicate the best times Bemarks 
for observing azimuths, the deviation can in practice be obtained 
at almost any time, the chief limitation being that the altitude of 
the heavenly body observed should not be too great, since the 
errors arising from the compass card not being: quite horizontal 
at the time of observation rapidly increase with the altitude. 

The deviation is often conveniently obtained by calculating the 
time of a heavenly body crossing the prime vertical (see page 369) 
and observing its compass bearing at that instant, or by observing 
the compass bearing when pn the meridian, provided the altitude 
be not too great. 

The following investigation showing the limits of observation Double 
for the double altitude problem (direct method) was given by Dr. J|*^J^*^,"f 

Inman. observation 

Let PZQ be the celestial meridian, p the pole, z the true 
zenith, x the true place of the body observed at the greater 
bearing x z Q, Y the true place of the body observed at the less 
bearing yzq = (suppose) b; and let azb, czd be parallels 
round poles x and y. Instead of the true zenith distance z x, let 
an incorrect one equal to z' x be used in the computation by the 
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rule for finding the latitude. Then, if the zenith distance 
z T be supposed to remain correct, it is evident, since z' Y is equal 
to z Y, that by the said computation the point z' will be deter- 
mined for the zenith instead of z, the real zenith ; so that, if z' T, 
z' 8 be parallels round the poles x and p, z T will be the error in 
zenith distance of x, and z s the corresponding error in the 
colatitude ; that is, P s=P z' will be determined for the colatitude 
instead of p z. 

Now z s»z z' cos z' z s, and z z'= ; consequently z s 

cos z' z T 

•=ZT.-^A^_^^, where z'zsorczQis the complement ot y z q^ 
cos z' z T 

the less bearing, that is, of b ; and z' z T is the complement of 



Fio. 166. 



Fio. 167. 





X z Y, the difference of the bearings, that is, of (2, if c2 denote that 
difference. It appears therefore that — 

sin b 



Error in Iat.= error in alt. 



sm d 



Since, according to the rules given on page 256, b should be 
always less than d and also less than 180°— (2, it follows that 

sin b is always less than sin d. Consequently -, — ~ is always less 

than 1. If, therefore, the error in altitude at the greater bearing 
be 2', which is the utmost that should be made at sea, the con- 
sequent error in the computed latitude will be less than 2', 
supposing the observation at the less bearing to be correct. 

If sin b be less than one-half, one-third, &c., of sin d, then the 
error in the computed latitude arising from an error in the altitude 
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at the greater bearing considered singly will be less than one-half, 
one-third, &c., of 2', or than 1', 40", 30", &c. 

Let the error be now supposed to be in the zenith distance at 
the less bearing (consequent on an error in the observed altitude), 
and let the zenith distance at the greater bearing be supposed 
correct. Thus, instead of z Y let z' Y be found from observation. 
Then since z'x=zx, it is evident that z' will be the zenith 
determined by the computation, and that z' t and z s will be cor- 
responding errors in the zenith distance at the less bearing and 
in the colatitude, Y and p being poles of z T and z' s. 

Now, z s=z z' cos z' z s, and z z'= -r-^-^ — ; consequently, 

sm z' z T ^ 

z 8=z' T . ??i_^_^ where z' z s or A z Q is the complement of the 
sm z' z T 

greater bearing x z q, that is, of bid; and z' z T=x z Y=d, each 

having the same complement, x z T. Hence it appears that — 

Error in lat.= error in alt. ^"^ : "^ 

sm a 

Now, since sin (b + d) ib less than sin 6 + sin d, it follows that 

sin (6 + d) . , .. sin ft + sin d sin 6 , ^ a^^ o;^./*^ ^^ ^ 

— .^ , ^ IS less than ,r^^-.= or -^ — v + 1- And smce -^. — 5 

sm d sm d sm (2 sm a 

has been shown before to be less than 1, it follows that — . , 

sm d 

is less than 2. So that supposing the error in the zenith distance 

(or in the observed altitude) at the less bearing to be 2', the other 

altitude being correct, the consequent error in the computed 

latitude wiU be less than 2' x 2, or 4'. 

If sin 6 be much less than sin d, as one-half, one-third, &c., 
thereof, this error will be considerably less than 4'. 

If errors be made in both altitudes, as of 2' in each, and these 
errors concur in their effects on the computed latitude, then the 
whole error in the said latitude will be less than 2' + 4', or 6'. 

General Relations of Bight Ascension and Declination as com- 
pared with Longitude and Latitude, 

The very remarkable relations which exist between the right 
ascension (a), declination (S), latitude (\), longitude (l), obliquity 
(«), and angle {6) at a star between the circles of declination and 
latitude passing through it, can all be exhibited by the aid of a 
single triangle. 

In fig. 168 on next page, let A Q be the equator, A L the ecliptic, 
p and p' their respective poles. Let p a be the equinoctial, and 
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p'p L Q the solstitial colure. Let s be the place of a star ; p s D 
and p' s I circles of declination and latitude passing through it. 
Draw the arc p' a. 

Then the arcs A Q, A L, p A, p D, p' A, and p' i are all quadrants, 
or 90°, and the angles a p p' and a p' p are both right angles. 

Hence, therefore — 

spp' = 90° + a ; SP'p = 90°-L ; p'sp^^ 

PS =90° — S ; p'8=:90°-\ ; p'p = « 

sin s p p' = cos a ] . , sin s p'p = cos L| 

®^ cos s p p' = — sin a) ■ cos s p'p = sin l' 

And applying these values to the three fundamental fonnulae of 

spherical trigonometry, viz. — 

cos a — cos b cos c + sin 6 sin c cos A (I.) 

sin a sin b s sin b sin a (II.) 

cot A sin B = cot a sin c— cos B cos c (III.) ■ 




in the tnangle p'ps, the following equations can easily be 
obtained : 

tan a = cos 0) tan l — sin co tan \ sec L (1) 

sin S =: cos a> sin X + sin co cos \ sin L (2) 

tan L =s cos 0) tan a + sin o) tan S sec a (3) 

sin X = cos ct> sin S ~ sin o) cos S sin a (4) 

cos S cos a =s cos \ cos ii (5) 

cot ^ = cot 0) cos S sec a + tan a sin S (6) 

= cot G) cos X sec L — tan l sin X (7) 

Note.— In the above expresdons (1) is obtained from formula (III.) by making 8 p p 
correspond to a and b p'p to b. Similarly, (8) is arrived at from (III.) by making a p'p 
to be represented by a and s p p' by b. 

Equations (2) and (4) are obvious applications of (I.). 
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So, aUoi (5) is directly deduced from (II.). 

Finally, the expressions (6) and (7) are derived from (in.) by saccessively making 
the angles a and b correspond, first to B and p, and then to B and p'. 

These equations are very remarkable : (1) and (2) give 
expressions for the right ascension and declination in terms of 
the obliquity, and the latitude and longitude; (8) and (4) in 
a similar manner express the longitude and latitude in terms of 
the right ascension and declination. 

Equation (5) gives the general relation between the right 
ascension and declination as compared with the longitude and 
latitude. 

^ Finally, (6) and (7) give expressions for the angle of situation, 
0, the first in terms of the right ascension and declination, and 
the second in terms of the longitude and latitude. 

The figure represents the first quadrant of the celestial sphere ; 
in the second quadrant sp'p would be L— 90**, and in the same 
way that angle and s p p' would alter in the other quadrants : but 
the algebraical results above deduced are of course general, and 
independent of the p£ui;icular position of the geometrical figure 
whence they were derived. 

In applying the formulae, however, to a numerical solution in 
any particular case, attention must be paid to the algebraic signs 
of the functions of the various quantities. 

Spheboidal Form of Earth. 

Although the circumstances under which observations are 
taken at sea render extreme precision unattainable, and therefore 
the application of small corrections due to the form of the earth 
not being that of a sphere unnecessary, it is advisable that the 
reader should understand the nature and extent of the errors thus 
introduced. 

Direct measurement of many arcs of both latitude and longi- 
tude in various localities combined with astronomical observations 
show the form of the earth to be that of an oblate spheroid whose 
shorter axis passes through the poles, the proportion of its length 
to that of the longer axis being nearly 299 : 300.^ 

The section of such a solid figure taken through the poles -will 
be an ellipse. 

In fig. 169 let p Q Pj Q^ be such a section passing through 
a place a on the surface. Let £ be centre of the ellipse ; join 

SOO— 299 1 
^ The quantity -^ = --_ is termed the compression ; the actual lengths of 
300 800 
the polar and equatorial diameters are 7,899 and 7,925 miles. 
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£ A ; then if a g be drawn at right angles to the tangent at a, meet- 
ing Q Qj in G, the angle A g Qi is the latitude as determined 
by observation or the geographical latitude, the angle A e G 
is the reduced or geocentric latitude, and the angle e a g 
(=AGQi— A E Qi) is the angle of the 
vertical. This angle of the vertical, 
or difference between the geographical 
and geocentric latitudes, attains its 
maximum value (11' 30") in lat. 45** and 
vanishes at the poles and at the equator. 
The geocentric is always less than the 
geographical latitude except at the poles 
and equator, where they coincide. 

The positions of heavenly bodies given 
in the Nautical Almanac are those they would occupy as seen 
from E, but, since the positions of places on the earth are laid 
down on charts according to their geographical latitudes, the 
determination of this is the object in Nautical Astronomy. 

If G A and E A be produced to z and z' on the celestial con- 
cave, then z is termed the astronomical zenith and z' the reduced 
or geocentric zenith, the angular distance between them being 
equal to the angle of the vertical. 

Let X be the position of a heavenly body, and join A x, B x ; 
then 

the angle z A x is the apparent zenith distance of x (corrected for refraction) 
„ z^Ax „ apparent reduced zenith distance of X „ „ 

„ z E X „ true „ „ „ „ „ „ 

The parallax of x in the given position is really the angle axe, 
which is sometimes termed the diurnal parallax, to distinguish 
it from the parallax in altitude when parallax is supposed to take 
place in a circle of altitude passing through z instead of in a circle 
passing through z' * ; the error involved in this assumption even 
in the case of the moon is very trifling, and still less appreciable 
in the case of the more distant heavenly bodies. 

Befraction, being a phenomenon affecting the position of a 
heavenly body as seen from the surface of the earth, is unaffected 
by its spheroidal form, or, in other words, refraction acts in a 
vertical circle passing through the astronomical zenith, while 
parallax acts in a circle passing through the geocentric zenith. 

^ Praotioally this means that the apparent altitude of a heavenly body, from which 
its parallax in altitude is calculated {see page 153), should be increased by the angle 
z A z' when the body is on the meridian, and by the amount of this angle multiplied 
by the cosine of its azimuth when not on the meridian. 
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Precession of Equinoxes. 



The slow annual movement of the first po^nt of Aries alluded 
to in the chapter on Time (page 124) is termed the Precession of 
the Equinoxes, since it causes the positions of successive equinoc- 
tial points to precede one another and the sun to arrive at the 
first point of Aries about 20 minutes earUer every year.* 

Precession is occasioned by the attraction of the sun and 
moon * on the spheroidal protuberance of the earth round the 
equator. 

The effect of this attraction if the earth were not rotating on 
its axis would be to make the planes of the equator and ecliptic 
coincide, but combined with the rapid diurnal rotation it causes a 
slow conical motion of the axis of the earth (and therefore of the 
heavens) round an axis passing through the poles of the ecliptic. 

The direction of this revolution is opposite to the direction in 
which the earth travels in her orbit, and therefore as seen from 
the northern side would be loith the hands of a watch {see fig. 56, 
page 121). 

This revolution of the axis of the earth involves a similar 
revolution of the points where the planes of the equinoctial and 
ecliptic intersect, since the plane of the equinoctial varies in 
position with that of the terrestrial equator, and that of course 
changes with the movement of the earth's axis. The result is 
that in the interval of 25,870 years the pole of the earth, and 
therefore that of the heavens, will have described a circle round 
the pole of the ecliptic at a mean distance of 23'' 27', during which 
time every star on such a circle will in turn become our Pole-star, 
and the first points of Aries and Libra will have described a 
complete circle round the ecliptic. 

The tendency of the sun and moon to bring the planes of the 
equator and ecliptic into coincidence is greatest when they have 
extreme declination, and ceases when they have none. 

As all the elements of the Nautical Almanac are calculated 
from the position of the true equinox — that is, from the actual 
place of the first point of Aries — on every day of the year, no 
correction for precession is applied in any of the problems of 
Nautical Astronomy. 

> This was first disoovered by Hipparohus in b.c. 160, and explained by Newton in 
1687. In this elementary description the effects of planetary precession and nutation 
are disregarded. 

' Of the total precession about 14^" is owing to the effect of the sun, and 85^" to 
that of the moon. 
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It will be remarked that precession does not aflfect the obliquity 
of the ecliptic nor the latitudes of heavenly bodies, but it causes a 
constajat increase in their longitud^Sy and will affect them in 
declination and ri^t ascension in different ways according to 
their positions in the heavens. This may be seen by referring 
to the catalogue of mean places of stars given in the Nautical 
Almanac with the annual variations in right ascension and 
declination. 

The astronomical seasons of spring and autumn commence 
when the sun's centre passes respectively through the first points 
of Aries and Libra ; summer and winter commence when the sun 
attains longitude 90° and 270** respectively, measured from the 
actual first point of Aries. 

Hence the commencement of each season occurs earlier each 
year by the time the sun takes to apparently describe an arc of 
50-22", or by about 20 minutes. 

It is to be remarked that precession does not alter the relative 
positions of the stars, since it only shifts the circles of reference 
to which these positions are referred. 

Independently of this, however, slow motions in various 
directions of the stars themselves exist, termed their 'proper 
motions,' by which in the course of very many years the familiar 
appearance of the constellations will be greatly changed. 
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CHAPTER XIV.^ 

Latitude and longitude from observations at same time— Sumner^s method — M&tcq 
Saint-Hilaire's method— Double chronometer rule. . 

The problem of making observations for determining the longi- 
tude of a ship available at the same time for ascertaining the 
latitude appears to have been originally investigated by the 
celebrated French astronomer Lalande in 1764.^ 

The principle involved is that if two observations for longi- 
tude of the same or different heavenly bodies are made at the 
same* place,* and the results on being calculated with an assumed 
latitude exactly agree, that assumed latitude is correct ; it will 
not follow that the resulting longitude is correct, though the 
hour angles will be so, for in problems of this character, as in all 
others for determination of longitude at sea except the lunar, it 
must be remembered that we are entirely dependent upon the 
chronometer for a knowledge' of Greenwich mean time, and there- 
fore of longitude. 

Among several methods of solution of this valuable problem 
that known as * Sumner's ' method first claims our attention. 

Sumner's Method.* 

In Chapter IV., the student has been shown laow the position 
of a ship can be fixed by the intersection of two lines determined 

* In compiling this ohikpter a partial translation has been mtAe of portions o 
the e^^cellent chapter on the * Rectification du Point Estim^ ' in Dnbois's Cowra de 
Navigation, and the works of Hilleret, Ledieu, and Fasci on this subject have been 
consulted. 

^ It was first published in England by Samuel Dunn, in 1786, from what appears 
to be an independent investigation, and was much used in the Boyal Navy in the early 
part of this century, being known as the method by trial and error. 

' The correction for run enables us to consider both observations to have been 
made at the same place. 

* The reader should also refer to the chapters on Sumner's method in Hydro- 
{fraphical Sivrveying, by Bear-Admiral Wharton, B.N., F.B.'S., the Hydrographer of 
the Admiralty, and in Wrinkles on Navigation, by Captain Lecky, B.N.B. 

The first jmbliahed work on the subject was by Captain Sumner, of Boston, U.S., 
in 1848, which book contains a very clear description of the chord method (page 885). 
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liines of 
position 



Oeographi- 
etd position 
of sun 



by compass bearings of known objects, and we shall now show 
how the principle of fixing positions by the intersection of two 
lines on a chart can be extended by means of celestial observations. 

A line, in whatever way obtained, which passes through the 
point on a chart representing the position of a ship, is called a 
line of position. Such a line is not necessarily straight; for 
instance, a danger angle gives us a circle of position, and conse- 
cutive soundings an irregular line, but all these are lines of 
position, and the intersection of any two will give the latitude 
and longitude of the observer. 

We are in fact about to use the bearings of two heavenly 
bodies, or of the same body in two different positions, in very much 
the same way as when fixing a position by cross bearings of 




terrestrial objects, hence the original expressive name given to 
this method, viz. cross bearings of the sun. 

In the following investigation we shall see how lines of posi- 
tion can be obtained from observed altitudes of the sun and other 
heavenly bodies. We shall first show how to trace on the globe 
a series of circles dependent upon the sun's altitude, and then 
turn our attention to the projections of these circles on a 
Mercator's chart and then of similar circles derived from other 
heavenly bodies. 

At any given moment the sun is in the zenith of some particular 
place and is shining over half the world. This hemisphere is 
boimded by a great circle called the terminator and sometimes 
the circle of illumination. The spot vertically below the sun, 
being the pole of this great circle, is termed the geographical 
position of the sun, find may be defined as the point where the 
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straight line joining the centres of the sun and earth (considered 
spherical) cuts the surface of the latter, and its position can readily 
he determined by taking the sun's declination as its latitude and 
the Greenwich apparent time (expressed in arc) as its longitude. 
This will be evident when we consider that at any given Greenwich 
apparent time, as say 4\ it must be apparent noon to all places on 
the 60th meridian of west longitude, and at the one place on that 
meridian whose latitude equals the sun's declination the sun must 
be in the zenith. This pole is not a fixed point, but, owing to 
the rotation of the earth, travels round it in a direction and at a 
rate corresponding to the apparent diurnal motion of the sun. 

Let be the centre of the earth (fig. 170), A B a part of the 
circle of illumination, a 6 a small circle parallel to a b, and s the 




sun ; I represents the geographical position of the sun, and p p' 
the poles of the earth. 

It is evident that the angle a c s is constant for all positions paraUeis of 
of a on the small circle a b ; but a c s is the sun's zenith distance ^^^^ *^^' 
(true) at a ; therefore the sun's zenith distance (and altitude) 
must be constant for all points on a b. Small circles round i are 
therefore caiHei parallels of equal altitude. 

If, then an altitude of the sun be known at any given moment, 
and a small circle described round i as pole at a distance equal to 
the sun's zenith distance, the observer must be situated on the 
circumference of this circle ; and if without changing place he 
obtains a second altitude when i has moved to some other posi- 
tion I' (figs. 171, 172), then a second parallel of equal altitudes 
can be found, and it is certain that the observer must be situated 
at one or the other of the points of intersection of these two 
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parallels. As these two points will in general be very far apart, 
there will be no difficulty in deciding upon the position required. 

Curve of The projection of a parallel of equal altitudes upon a Mercator's 

equal aiti- chart is called a curve of equal altitude. 

These curves vary very much in form, changing not only vdth 
the altitude but also with the declination. In the accompanying 
figure (173, page 386) the sun's declination is assumed to be 
10** N. asid the Greenwich apparent time 4** 0™ p.m., corresponding 
to longitude 60** W. 

There will be no great difficulty in tracing any particular 
curve — say that of 30** altitude or Z.D. 60°. First obtain the limits 
of latitude, where such an altitude is possible, which will be the 
points where the curve cuts the meridian of i. 

Zenith-distance 60** N. Zenith distance 60** S. 
declination . 10 N. declination . 10 N. 

N. latitude ."tO S. latitude ."SO 

That is to say, in lat. 70** N. the meridian altitude of the sun 
will be 30** bearing south, and in lat. 50** S. its meridian altitude 
will be 30** bearing north. 

Nearer the poles than 70** N. and 50** S. the sun will not rise 
to as great an altitude as 30**. 

Now take any intermediate latitudes, e.g. 30** N. and 10** S., 
and work out with altitude 30** the corresponding longitudes. 



lat. 30» 


N.. 


..0-062469 




lat. 


10» 


S....0-006649 


decl. 10 


N.. 


..0006649 




decl 


. 10 N....0006649 


20 




4-808067 






20 


4-808067 


Z.D. 60 




4-634052 




ZJ).60 


4-534052 


80 




9-411237 






80 


9-355417 


40 




61" V E. or 


W.of 


I. 


40 


56»52'E.orW.of I. 


long, of 


I. 


60 W. 
~l~i E. 








60 W. 
3 8W. 




and 121 1 W. 








116 52 W. 



Each latitude gives us two longitudes, the easterly longitude 
corresponding to a p.m. and the westerly to an a.m. altitude of 30**. 

Any required number of points can thus be found, and the 
curve sketcdied in by hand. 

In actual practice, since the position of the ship is always 
approximately known by the dead reckoning, it would be sufficient 
to determine two points on the curve of equal altitude by calcu- 
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lating with the observed altitude the longitudes corresponding to 
two latitudes lying one a few minutes north and the other a few 
minutes south of the D. B. latitude, and assuming that the straight 
line joining the two positions so found is identical with the arc 
of the curve between them. This method of dealing with such 
curves (known as the chord method) was that originally proposed ; 
but since each curve requires for its delineation at least two calcula- 
tions of longitude, and we must have two curves drawn, it involves 
a considerable amount of work, and is now (since the publication 
of azimuth tables and diagrams) generally superseded by what is 
known as the tangent method, where a tangent drawn through the 
point on the curve corresponding to the dead reckoning latitude 
and the longitude calculated with that latitude is assumed as the 
direction of the curve ; such a tangent is termed a ' Sumner ' sumner line 
line. 

By careful consideration of the curve, when obtained, the 
student will readily grasp the following important conclusions. 

(1) When the observer is nearly E. or W. of i (or, in other 
words, when the sun is near the prime vertical), two points on 
the curve differing considerably in latitude have a proportionally 
insignificant difference of longitude, a fact we have already recog- 
nised as indicating the most suitable position for making observa- 
tions for determining ship apparent time when the latitude is not 
accurately known {see page 368). 

(2) When the sun is near the meridian, points differing slightly 
in latitude have large differences in longitude ; while, on the other 
hand, points differing considerably in longitude differ but slightly 
in latitude. 

(3) Any great circle in the heavens passing through the sun's 
centre cuts at right angles all the parallels of equal altitude round 
the sun. 

(4) The projection of such a great circle on a Mercator's chart 
(fig. 173) cuts at right angles all the curves of equal altitude. 
Thus the curved line i L K on the Mercator's chart is the line of 
the sun's true bearing, because it is the projection of the great 
circle passing through the zenith and the sun, and it cuts at right 
angles every curve of equal altitude. 

(5) The tangent to a curve of equal altitude is consequently 
at right angles to the sun's true bearing, and represents the 
direction of the curve at that point, so that a line drawn at right 
angles to the true I bearing of the sun through the dead reckoning 
position of the ship may be considered as representing the curve 
itself for a considerable length ; for even with a zenith distance of 

CO 
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only 10** or altitude 80® we are dealing with an arc of a circle of 
radius 600 miles. 

The sun's true bearing at any moment can be taken out by 



Fio^ 173, 

60O 80° W 




inspection from the azimuth tables, or from Weir's azimuth 
diagram, or by compass bearing with the dev. and var. applied. 

If, as is usually the case, two observations to enable us to 
draw the two Sumner lines are both taken sufficiently far from 
the meridian for them to be worked as * sun chronometers,* the two 
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positions obtained — viz. dead reckoning latitudes and longitudes 
by observation — are laid down on the chart, and the intersection 
of the Sumner lines through them gives the position at time of 
the last observation. 

To obtain a good intersection the angle between these lines, 
which is the same as the difference of the two bearings of the 
Sim, should not be less than 26** or more than 155**, 

If the first observation is taken far from the meridian and the 
second near the meridian, use estimated latitude and work out a 
* longitude by chronometer ' with the first observation ; and 
work out the second observation as an * ex-meridian,' taking care 
to utilise the hour angle obtained by the earlier observation. 

The second line will in general be as dependable as the first, 

but the azimuth tables show very readily when a difference of a 

Pj^ J74 degree in latitude or longitude 

makes any marked difference in the 

direction of the tangent. 

Up to the present we have sup- 
posed that the ship has not changed 
her position between the times of 
observation, but as in practice she 
does, we proceed as follows : 

The correction for run between 

the times of observation may be 

applied as a correction to the first 

altitude (as on page 221), and 

thus both observations reduced to 

the same instant, but by proceeding graphically on the chart, the 

calculation can be commenced while waiting to observe the second 

altitude. 

Let p Q (fig. 174) be a Sumner line determined by observation — 
that is, a line drawn on the chart through s, the dead reckoning 
position of the ship at right angles to the sun's true bearing. 

From s draw s s' in the direction of and equal ta.the runi 
between times of observation ; through s' draw p' q' parallel to p q. 
Then if the ship was in p q at the commencement of the run 
it must be in p' q' at the termination, as all lines drawn from p Q 
parallel and equal to s s' terminate in p' q' and the latitude of s' 
will be that to use in working the second observation. 

On February 22, at 8** 30" a.m., in lat. 50^ 12' N*, long. Biampiei 
8** 35' W. (by D. E.), the true alt. of the sun was 14° 31' ; G. M. T, 
2P17" 10»; decl. 10** 5' S. ; eq. of time 13°^ 30- add. to App. 
time. 

c c 2 
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Bxample2 



The vessel then ran 8. (true) 32 miles, and at S^ 12" p.m., when 
the G. M. T. was 4*» 0°^ 4% the true alt. of the sun was 17** 13' ; 
decl. 10^ 1' S. ; eq. of time 13°' 28-. 

Find lat. and long, of second position of ship. 

On working the first observation as a sun chronometer, using 
the lat. by D. E., we find a position lat. 50** 12' N., long. 8** 14^ W., 
which is laid down on the chart (see fig. 175) and a Sumner Hne 
A B drawn through this at right angles to the sun's true bearing, 
N. 126** E., taken from the azimuth tables. 

The run is laid off from this first position and through its 
extremity, which will be the D. E. position at 3** 12" p.m. ; a line is 
drawn parallel to A B, or, in other words, the first Sumner line ia 

Fio. 175. 




transferred to the second D. B. position. With the latitude of 
this second D. E. position (49° 40' N.), the second observations are 
worked, also as a * chronometer,* giving lat. 49** 40' N., long. 
8** 54^' W., and plotted on the chart as the position by observation 
at 3** 12" P.M. Through this last position the second Sumner 
hne is drawn at right angles to the sun's true bearing at that time,, 
N. 130** W., and the intersection of this with the transferred first 
Sumner line gives the true position of the ship, lat. 49** 24' N., 
long. 8° 33' W., at S^ 12" p.m. 

On April 21, in lat. 49** 22' N., long. 8** 42' W. (by D. R.), 
at 8** 32" A.M. the true alt. of the sun was 33** 32' ; G. M. T, 21*» 
6" 8" ; decl. 12** 2' N. ; eq. of time 1" 28» subtr. from App. time. 

The ship then ran S. 73*" E. (true) 36 miles, and at about 
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IV 35"* A.M. (the elapsed time by chronometer being 3^ 1™ 10') 
the following observation was made near the meridian : 

True alt. of smi 52^ 31' ; decl. 12° 4' N. ; eq. of time l-" 29». 

Find the lat. and long, of second position of the ship. 

On working the first observation as a chronometer we obtain a 
position A, lat. 49** 22' N., long. 8** 39^' W., which is placed on the 
chart (see fig. 176), and the first Sunmer line drawn through that 
position at right angles to N. 112** E., which is the sun's true 
bearing. 

The run is then laid off and the D. E. position at 11** 35°» a.ml 
found, lat. 49** 11^' N., long. V 46J' W., through which position 
a line is drawn parallel to the first Sunmer line. 

The second observation is then worked as an ex-meridian, 
using the hour angle 22" 20" found in the usual way, resulting in 
a position lat. 49** 16' N., long. V 46J' W. A second Sumner 
line is drawn through this at right angles to the sun's true bearing, 

Fio. 176. 



PJim^ 




^f^lSivni^^^ 



N. 170^ E,* and the intersection of this with the transferred first 
Sunmer line gives the ship's position at 11** 35'*, lat. 49*" 16' N., 
long. 7*^ 41' W. 

Sunmer hues are usually laid down on the chart, or if 
the scale of that is small, on the skeleton chart supplied for the 
purpose ; but the position may be calculated as in the following 
example : 

In lat. by D. K. 40*^ N. DecUnation 13° N. Bawipie 8 

^ Tke Sumner line for an ex-meridian observation is convenientlj laid down as 
follows : 

From the position of the ship, in the latitude obtained by the ez-meridian obser- 
vation and the assumed longitude, lay off half the hour angle in arc measured on the 
longitude scale. East (true) if the body is East of meridian, and West (true) if West of 
meridian. 

From the extremity of this line draw a line at right angles to it in a direction 
away from the body and equal in length to the ' reduction to the meridian ' measured 
on the latitude scale. 

The extremity of this latter line joined to the position of the ship is the required 
Summer line. 
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Bemarks 



Ship apparent time (from calculating a sun chronometer) 
19»» 56" 11% longitude 18** 30' W. 

Azimuth taken from the azimuth tables N. 98^ 45' E., so that 
the direction of the tangent, or Sunmer line, will therefore be 
N. 8°45'E. 

After an interval by chronometer of 3** 0" 10* another observa- 
tion is taken, worked with longitude 18^ 30' W., supposing there 
id no ' run,* and a latitude of 40^ 11' N. obtained* 

Turning to the azimuth tables with an hour angle of ^2^ 56", 
we find the azimuth to be N. 148'' E., and the direction of the 
tangent is accordingly N. 58*^ E. 

A P and B p are the two tangents whose intersection in p is the 
true position of the ship (fig. 177), p c is per- 
pendicular to the meridian a b, and b D to A p. 

AB=:11', BAD = 8% BPD = 50°. ^ 

.-. by traverse table bd=1-5, bp=2, 
BC=ir,PC=l-7'. 

The latitude of p will therefore be 40** 12' N. 
and the longitude 18*^ 28' W. 

If there had been any *run* during the 
interval between the observations, the first 
position would have been corrected by traverse 
table, as on page 221, so as to bring it up tp 
the time of making the second observation, and 
the second observation worked with the hour 
angle derived from the corrected longitude. 

A great advantage of the graphical mode of 
procedure lies in the readiness with which the 
two Sunmer or position lines can be transferred on the chart to a 
new position, and crossed with a third or even fourth line, or if 
in sight of land by a bearing of some object, thus affording 
additional certainty of the position. 

It must, however, be clearly understood that, in whatever way 
this problem is solved, the resulting loivgitvde entirely depends 
upon the chrmiometer. 

With very little modification all the preceding investigations- 
are as applicable to any other heavenly body as to the sun. The 
geographical position of the body being in latitude the same a& 
its declination and in longitude the same as its hour angle from 
Greenwich expressed in arc, which equals its hour angle from 
the ship + longitude of ship. 
At twilight the position of a ship can be satisfactorily fixed bx 
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simultaneous observations of two stars. Care must be taken in 
this case that the stars differ considerably in bearing, so as to 
ensure a clear intersection between the two Sunmer lines, and if 
one of the stars be near the meridian the Sumner line must be 
found by the ex-meridian method. 

When simultaneous observations are made they are, of course, 
worked with the sa/me latitude, viz. that by D.B., and the reason 
why if both are chronometer sights two different longitudes are 
found is that the t).B. latitude is erroneous. 

In using the azimuth tables to find the direction of the 
Sunmer lines the student will remember that with stars, planets, 
or moon, the tables are entered with the hour angles of those 
bodies. 

Probably the most valuable line obtainable is from a star or 
planet at morning twilight, crossed by a subsequent line obtained 
from the sun. Venus is often most favourably situated for such 
an observation. The navigator should wait for his second 
observation till the sun has reached a convenient altitude, and it 
is advisable that the star should be of opposite declination to the 
sun, so as to secure a good angle between the two lines ; a result 
which will also be attained by selecting a high star near the 
meridian. 

In finding a Sumner line from a star, if the declination exceeds 
23^ or the altitude 60°, the azimuth cannot be found from the azi- 
muth tables, and must be either taken from Weir's azimuth diagram, 
or observed by compass, or calculated. 

The value of one Sunmer line found by either of the preceding 
methods lies in the fact that since, if the 6. M. T. is correct, the 
ship must be somewliere on this line, its direction gives the bearing 
of any point of land which may lie upon it when produced in 
either direction* 

Thus suppose in thick weather when near the land a Sunmer 
line (say N. 10** E.) is found to cut the coast line at 20' west of a 
harbour it is desired to enter ; if course is altered as convenient so 
as to make a diff. long, of 20', on steering N. 10° E. the ship will 
then be heading for the harbour. 

An error in the chronometer time (and therefore in G. M. T.) 
does not affect the direction of this line, but moves it parallel to 
itself east or west by an amount equal to this error. An error in 
altitude moves the line parallel to itself, either from or towards 
the heavenly body, by an amount equal to the error. 

Since for small zenith distances (10° to 12°) the form of the 
curve of equal altitude closely approximates in low latitudes to 
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that of a circle, this curve may sometimes be laid down on the 
chart instead of the tangent. 

This is effected by taking as centre a point whose lat. is the 
same as the declination of the smi, and whose longitude equals 
the Greenwich apparent time, the radius being equal in miles to 
the true zenith distance in minutes of arc. 

After an interval admitting of a due change of bearing, another 
arc of a circle of position is similarly drawn, the first circle being 
shifted on the chart to allow for the ship's run. 

One of the intersections of these arcs is the position at time of 
second observation. 

Note.^ — To find the errors of the deduced latitude and longitude 
(SI and Bg)y corresponding to errors of Ba^ and Sa, of the observed 
altitudes — 

In the accompanying figure, let A T B, c T g represent two 
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correct lines of position obtained from two altitudes of the same 
or different heavenly bodies x and y, which intersect at T, the true 
place of the observer ; also let f d and p b represent two faulty 
lines of position caused by errors of Sa, and ha^ in the altitudes, 
which would place the observer at aii erroneous point F. 

Through F draw F R and Q K perpendicular to the meridian and 
parallel of latitude at T. 

Through B draw B D, B g, and b k perpendiculars to A B, c 6, and 

QK. 

Then A B K= a t q=m t x=a, (suppose) 

FBK=CTQ = MTY=Aa „ 

and TBF = GTB=XT Y = Ai— Aj. 

also B F D = G T B=Ai — A^. 

> By Mr. G. Williams, Naval Instrnotor, R.N. Fig. 178 is sapposed to be drawn 
on a globe or plane cbart. 
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Now Si = TR = TM — RM 

= T B . sin T B M — F B . sin F B K 

= -r— . sillTBM r-5-^ - . sinFBK 

Sin G T B Sin B F D 



sin A, ^ Saj . sin A, 




(1) 



sin A,— Aj 
c>T_ 8a2.sinA, — 8a, .sinA^ 
sin'A,— A^ 
Again tq=bk— bm 

= FB . cos PBK — TB . COS TBM 

BD BG 

= -^ .COSFBK— ^ .COS TBM 

Sin B F D Sin G T B 

hg . COS lat.= ^^> '^^^^" j^gg^ 
sin A,— Aj 

^ _ 8a, . COS Aj — Sa, . cos a, .^v 

sin a,— A3, cos lat. 

From an examination of the f ormnlee (1) and (2) it will be seen 
that if Sa, and Sa, are equal or nearly equal (as the probabilities 
are the personal and instrumental errors will be of the same 
quantity and quality), then we have 

Firstly, — A,— A3 should be near 90** as is possible. 

Secondly. — If the navigator be more anxious about his latitude 
than his longitude, then from (1) we see that the two observations 
should be taken on opposite sides of the prime vertical. 

Thirdly, — If the observer be uneasy about his longitude, then 
from (2) we find that the two observations should be taken on 
opposite sides of the meridian. 

The last two considerations would be of great importance if 
expecting soon to make the land. 

Marcq Saint-Hilaire's Method. 

The following method of dealing with curves of position has 
been proposed by M. Marcq Saint-Hilaire, and is illustrated by 
fig. 179.» 

Let A represent the position of a ship by dead reckoning when 
an observation of a heavenly body in any position is taken, the 
bearing also being either observed or taken from the azimuth 
tables. With the hour angle deduced from the D. R. longitude 
the true altitude is calculated (as on page 215), and the difference 

* The reader should here refer to the explanation of this method given in Ex- 
Meridian Altitude Tables, by Stafif-Comm. Brent, B.N., and Messrs. Walter and Wil- 
liams, Nayal InstrootorB, B.N. 
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between this and the observed true altitude is laid off on the line 
of bearing. If the observed altitude is less than that calculated, 
the position must be further away from the geographical position 
of the body than was expected, and so the difference is laid off 
away from the heavenly body, and iyice versd; through the point 
6, thus found, c D, a tangent to the line of bearing, is drawn. 

The run of the ship B e is laid off from B, and at E another 
altitude of the same or another heavenly body is observed and also 
calculated, the hour angle being found from the long, of B ; the 
difference between these is dealt with as in the first case, and the 
intersection of the corresponding tangent G H, with a line through 
£ parallel to the first tangent, gives h the position at time of 
second observation. 

An advantage of this method is that no distinction of cases is- 
involved, and whether far 
from or near to the meri- 
dian the observations can 
be always worked in the 
same way, or, if preferred, 
that nearer the prime verti- 
cal worked as a Sumner, 
and that nearer the meridian 
by this method ; but, as in 
Sunmer's method, the lines 
of position should intersect 
at a good angle (not less than 
25"* nor more than 155**). 

Example. — ^At time of first a.m. observation of the sun, the 
position by dead reckoning was lat. 37** 50' N., long. 9** 15' W. ; 
the G. M. T. being 21^ 24' 9", by applying the long, in time and 
equation of time (—13™ 41 -S*) in the usual way the hour angle is 
found to be 20*^ 33°^ 27-5', with which declination, 17** 20' 43" S.,. 
the zenith distance is computed (see page 215) and found to be 
73** 26' 17". The observed zenith distance (true) being 73** 25' 17" 
and the sun's true bearing S. 51** E. 

From the D. K. position a (fig. 180) lay off the sun's true 
bearing A x, and since the observed zenith distance was less than 
that computed^ the observed must be nearer the sun than wa& 
supposed, so a distance of 1' is laid off on ax towards x, and 
through this position B, the first position line, is drawn at right 
angles to A x. 

The run N. 14** W. 9' is then laid off from B, and at its ex- 
tremity c a line is drawn parallel to the first position line and the 
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Fio. 180. 



zenith distance computed with that position lat. 37° 59' N., long. 

9^ 18' W. 

Working with decl. IT 19' 19" S., eq. of time 13°^ 42* and 

G. M. T. 23'* 24°» 30-, we find 
the computed zenith distance 
58** 54' 20" and the sun's true 
bearing S. 24** E., while the 
observed zenith distance was 
58** 50' 20", hence the observer 
must again be nearer the sun 
than was supposed, so the 
diflference of the two zenith 
distances c D is laid ofif on c x' 
towards the sun, and the 
second position line drawn 
through D« 

The intersection of the 
second position line with the 

transferred first line will be the position of the ship at time 

of second observation, viz. lat. 57*^ 31' N., long. 9' 24 W. 

The calculation may be shortened by using the position of A 

Fio. 181. 





to work both sights with and laying ofif the dififerences between 
observed and calculated zenith distances from the point A as illus- 
trated in fig. 181. 
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Double Chbonometer Eulb.^ 

fTheory In considering in Chap. XTII., page 367, the effect of an error 

in latitude l^ on an hour angle deduced from it, we saw that, ex- 
cept when near the meridian, 

n\ J. /;« +;»v.^\ 7 cot azimuth 1 

(1) h^ (m time)=^^ =— — . :pj,, 

* cos lat 15 

the azimuth being measured through 180° from the elevated pole. 

Suppose, then, that two altitudes of a heavenly body both west 
of meridian have been observed at the chronometer times c' and 
g", and that the first altitude worked with the dead reckoning 
latitude L^ gave the S. M. T. = ^, and that the second altitude 
worked with the D. E. latitude l^^ (found by applying the run in 
latitude to l,) gave the S. M. T. = t". 

If, then, the correction for run in longitude be applied to t, 
and t' be the result, we have t' and ^' the two results of the 
observations reduced to the instant when the second altitude was 
observed, and if the estimated latitudes were correct, t" — t' should 
«qual c"—c', both being expressed in 7/i6aw time. f - 

Now the effect of an error in latitude l^ on the first bbservatian 
will be in this case to alter the S. M. T. reduced to the time of 

the second observation to t' + L ^^ ^^' , -=,, and that of t" for the 

cos L, 15 

fot az 1 • 

same error in latitude to f' + L ^•.„, the azimuths bemg 

cos L^^ 15 

those calculated, observed, or taken from the azimuth tables for 

the positions at the times of making the observations, which 

azimuths we shall call A^ and a^^. 

Hence, we shall find 

h' + l^^^^^ . 1 ) - ft' + Z,52i^' . :^,) =0" -0', 
V 'COSL,, 15/ V 'COSL^ 15/ 

from which we obtain 

^ ^ ' ' cot A,, _ COt^, 

cos \J^^ COS L^ 

This expression for the value of l^ may be simplified by supposing 
L^=L^^, or by taking the mean value, when we finally obtain, for 
the general expression, after some reductions, 

^ _ { (c^^=cO-(^^^~0 } cos L,, sin A, sin a,, 

' sin (A,-A,,) 

> Proposed in 1847 by M. Pagel of the French Navy ; a translation of his work 
will be found in the MercaifUXiA Marine Magazine for 1866. 



Digitized by 



Google 



DOUBLE CHRONOMETER RULE 



397 



The value of l^ or the correction to be applied to the latitude 
at time of making the second observation being thus found, the 
oonection of t' or S. M. T. at the same instant is found by sub- 
stitution in equation (1). 

As originally explained by M. Pagel, such a nuniber of various 
cases and conditions arise as to practically render the problem 
useless, but by the following more graphic method of illustration 
(where the heavenly body observed is supposed to be the sun) we 
are led to the same results in a more practical way.^ 

Let p G (figs. 182, 183) represent the meridian of Greenwich. 

z the tnce zenith of the observer at time of second observation. 

X the sun's place at the first observation. 

y the sun's place at the second observation. 
azc and bzd small portions of circles of equal zenith distance 



Fio. 182. 



Fio. 183. 




E^W 




which may, except with great altitudes, be considered to be 
straight lines. 

z q the true lat. at time of second observation, and z' Q the lat. 
by dead reckoning at the same instant. 

a and 6 the positions where the circles of equal zenith distance 
intersect the parallel through z\ 

Then if the first chronometer is worked with the lat. D.E. at that 
time and corrected for run, the first observation places the ship at 
a when the second observation is taken, the second places her at 
6, both a and b being, of course, on the same parallel of lat. as z'. 

The longitudes corresponding to these positions are gI and Gl'. 
Then gZ— gZ=ZZ', the diflf. long. 

In the triangles zbz', zaz\ which being very small may be 

» By Mr. A. C. Johnson, Naval instructor B.N., late of H.M.S. Britawnia. 
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considered as plane triangles, aft is known (= departure corre- 
sponding to II') and zaz' (=to the first true bearing z'jsxt since 
they are both complements to z^za) and zbz' (=the second ferae 
bearing z' zy, since both are complements of z' zb); hence we can 
find z z' the correction for the latitude z' Q ; and thence z' a, z^ fc, 
and Q Z, Q Z' the corrections for the two longitudes. 

Let the true bearings of the sun at the times of first and 
second observations be represented by a^ and A^^. 

' Then z z^=z a . sin z a Zi=z a . sin a^ 

u„4. »» T ^ sin z 6 a , sin a,, 

but za s= oa -^ , = ba 



sin bza sin (a^±aJ 

The upper sign applying to fig. 183, and the lower to fig. 182. 
.•.zz,=5a«^^^-«*°^" 



sm (A,±A,,) 

Now 6 a or the departure =Z l^ or diflf. long, x cos lat. or a Z, 

. r, „ ^^ ^^^ ;« i«4. diflf. long, x sin A, x sin A,, x cos lat 
.•. zZt or corr. m lat.= ^^ — . — ' --'-' . 

sm (A,±A,,) 

Also a Zi=z Zi . cot z a Zi=z Zj . cot a^, 
.'. a Zj . sec aZ or lat. = z z^ . cot a^ . sec lat., 
and 6Z| . sec lat. =ZZ} . cot a^^ . sec lat. 

But a Z] . sec lat. and 6 z, . sec lat. are equal to Q Z and q 2^, 
which are the corrections (in arc) to be applied to the longitudes 
of a and b. 

Hence we arrive at the same results as in the preceding 

investigation. 

Practical (1) Two chronometer observations on either or both sides of 

^"*^^ the meridian are to be taken at an interval of an hour and a half 

or two hours, or at a less interval, provided that the change in the 

sun's bearing is not less than a point and a half or two points. 

(2) The first observation is worked with the lat. D.B., and this 
latitude and the first longitude obtained are corrected for the run 
of the ship in the interval. The second observation is worked 
with this corrected latitude, and the longitudes are marked (1) 
and (2).i 

(3) The true bearing of the sun at each observation is either 
observed or taken by inspection from the azimuth tables tar the 
D.E. lat. 

(4) For the correction in lat. add together log. diflf. between 

* If two stars or a star and the son are employed the most eastern obeenration is 
marked (1) and the most western (2). 
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<1) and (2), [l sin first true bearing, l sin second true bearing, L 
cosec diff. or sum of bearings, according as the observations are 
made on the same or opposite sides of the meridian] and l cos lat. 
at time of second observation ; the sum, rejecting 40, will be log. 
correction of lat. in miles.* 

(5) For the correction in long, add to the l cot of each true 
bearing the log. correction in lat. and the L sec lat. at place of 
second observation; on subtracting 20 from each sum the re- 
mainder is the log. correction of long, in minutes of arc, which on 
being applied to (1) and (2) should give the same result. 

To obviate the practical difficulty attending the sign of the 
-corrections for latitude and longitude the following tables may be 
referred to. 



Table (A). 
To Name the Correction for the D,R, LaiUtide. 



The observer's Lati- 
tude with reference 

in the 
San's Declination. 


Obsenratioua on the 
Samb Side of Mer. 


Observations on 
OppoBms Sides of Mer. 


Longitades. 


Oorr. for 
D. R. Lat. 


Longitndea. 


Oorr. for 
D. R. Lat. 


NORTHWARD 


(1) East of (2) 
(1) West Of (2) 


N. 
S. 


(1) East of (2) 
(1) West of (2) 


S. 

N. 


SOUTHWARD 


(1) East of (2) 
(1) West of (2) 


S." 

N. 


(1) East of (2) 
(1) West of (2) 


N. 
3. 



Table (B). 
To Name the Correction for the Approximate Longitude. 



A.M., or Sun Babt of Meridian. 


P.M., or Sux West of Meridian. 


TmeBearlnjc 
reckoned from 


When Corr. 
in lAt. is 


Oorr. In 
Long, is 


Tnie Bearing 
reckoned from 


When Oorr. 
in lAt. is 


Oorr. in 
Long, is 


N. 
N. 
S. 
S. 


N. 
S. 
N. 
S. 


W. 
E. 
E. 
W. 


N. 
S. 


N. 
S. 
N. 
S. 


E. 
W. 
W. 
E. 



These results may be remembered by combining the letters N.N.W. and S.S.W. for 
A.M. sights, and N.N.E. and S.S.E. for p.m., observing that when the second letter is 
reversed the third is reversed in like manner. 

Note. — ^The bearings are always to be considered as less than 90", and if when 
corrected for variation and deviation they exceed 90° they must be subtracted from 
180^ and referred to the opposite point of the compass ; thus N. 100° W. would 
become S. 80° W., and so on. 

> Tables giving the value, of the quantities enclosed in a bracket have been pub- 
lished by Mr. A. C. Johnson, R.N., late of H.M.S. Britannia ; they also form Table 25 
of Inman's Tables. 
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These tables may also be conveniently embodied in the 
following rules : 

Observations in Same Observations in Different 

Quadrant. Quadrants. 



Allow both corrections for longi- 
tude to the eastward or both to 
the westward ; 



Correct the easterly longitude 
towards the west, and the west- 
erly towards the east, 



in such a manner as to make the two longitudes agree. If they 
do not agree this shows that the corrections have been wrongly 
applied, and herein we have a valuable safeguard against error. 
Example On April 25, at 7*^ 30™ a.m., in lat. D. K. 49** 20' N., long. D. K. 

5"* 40' W., the following observation of the sun was taken : 

Obs. alt. O 24^ 49' 20" ; time by chron. &" 1"^ 50- ; true bearing 

S. 82^ E. 

The ship then ran by compass N.E. by E.^E. (Dev. 21* E. 
Var. 22** W.) 12 miles, and at 9^ 40" a.m. the observed altitude G 
was 43** 52' 10" ; time by chronometer lO** 10« 22* ; true bearing 
S. 51** E. Find the position of the ship at time of second obser- 
vation. 

On April 20 (noon) the chronometer was slow on Greenwich 
mean time 11"* 51" 22" ; daily rate 5-6* losing. Index correction 
+ 2' 10" ; dip for 20 feet. Corrected declination at time of first 
observation 13** 21' 30" N., and at second observation 13** 23' 30" 
N., the corresponding equations of time being 2" 11* and 2" 12* 
subtractive from S. A. T. 

From the first observation we find S. A. T. 19"" 31" 58% and 
resulting longitude 5** 53' W., which corrected for run becomes 
6** 37' W. (1) at time of second sight. 

From the second observation we find S. A. T. 21** 40" 58% and 
resulting longitude 5** 46' W. (2), the difference of longitude 
being 9'. 

Then corr. in lat. =9' . sin 82** . sin 51** cosec. (82** -51**) cos. 49*^ 
26', or latitude at second observation 
=8*74', which, on referring to table on page 399, 
is seen to be N. or additive; therefore the required latitude is 
49** 35' N. 

Corr. in long. (l)=r8-74' . cot 82** . sec. 49** 35' = l-8'. 

This correction on referring to above table is seen to be E., 
and therefore the required longitude is 5** 35' W., which result 
may be checked by similarly correcting longitude (2), which 
should give the same result. 
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The preceding example, worked by means of Mr. Johnson's 
table (Table 25 of Inman), would be arranged as follows : 

Bearings. Table 24. Longitude. 

S. 82° E. (a) 0-22 (1) 5° 37' W. I 

S. Sr E . (5) 1-26 (2) 5° 46' W . j 

^ff. 104 9 

9 
Correction of second lat.=q-vri =86'. 

1*04 

longitude (1) «8-6 x 022= 1-9'. . 

(2)=8-6xl-26=10-8. 

The correction for second lat. is seen to be N. on reference to 
Table A, p. 399, hence the true lat. at time of second observation 
=49^ 35' N. 

The correction for both longitudes (1) and (2) is seen to be E. 
on reference to Table B, p. 399, hence when corrected both agree 
in giving the true long, at time of second observation =5® 35' W. 

Note. — The correotions (a) and (b) taken from Table 85 of Inman shoald be sub- 
traoted from one another if the bearings are in the same quadrant, and added to one 
another if in different quadrants.* 

In considering the limits of application of this problem we Bemark 
must observe — 

(1) That equation (1), page 396, upon which the investigation 
and also the values of p,, and p, depend, is only strictly true when 
the heavenly body observed is on the prime vertical, and hence 
neither observation should be taken when near the meridian, 
especially in high latitudes. 

(2) The azimuths employed, if not observed, have been either 
calculated 6r taken from the azimuth tables for incorrect latitudes 
— viz. those by D. E., which theoretically would necessitate a 
recalculation, using the true latitude of the second place of obser- 
vation. 

(3) From the investigation on page 398, we see that when a^ 
and A,^ differ by 90** the circumstances of observation are favour- 
able, except when limited by our first remark. 

The reader will observe that this method is applicable to other 
heavenly bodies than the sun, and that by working the observa- 
tions to the nearest minute and using only five places of decimals 
in the logarithms — a degree of accuracy sufficient for all practical 
purposes at sea — a considerable saving of time and trouble may 
be effected. 

> Exoept when they are in opposite quadrants, in which ease take the difference. 
This, however, will rarely happen, and is not worth taking into consideration. 

D D 
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Examples.^ 

1. On June 1, in lat. by D. E. 49° 5' N., long, by D. E. 8° 30' 
W., the alt. of the sun was 35** 52' at 8 a.m. S. M. .T., the corre- 
sponding G. M, T. being 2(fi 31°^ 34", decl. and eq. of time 22° 10' 
N. and 2" 22* subtr. from App. time. 

The vessel then ran N.W. (true) 25 miles, and at 10** 10" a.m. 
when the G. M. T. was 22'' 44°" 10» the altitude of the sun was 
55° 5', and decl. and eq. of time 22° 11' N. and 2» 21». 

Find the lat. and long, of second place of observation. 

Ans. Lat. 49° 33' N. ; long. 9° 9' W. 

2. On March 14, in lat. 49° 40' N., long. 7° 35' W. (by D. E.) 
at 7^ 30*" A.M., when the G. M. T. was 20^ 10*" 2» the alt. of the 
sun was 12° 44', decl. and eq. of time 2° 15' S. and 9« 10* add. to 
App. time. 

The vessel then ran S.W. true 30 miles, and at 9** 40°* A.M., 
when the G. M. T. was 22^ 21"* 40*, the alt. of the sun was 30° 
20' and decl. and eq. of time 2° 17' S. and 9« 8\ 

Find the lat. and long, of second place of observation, 

Ans. Lat. 49° 14' N.; long. 8° 1' W. 

3. On December 24, in lat. 48° 30' N., long. 8° 55' W. (by 

D. E.), at dawn at 6^ 30" a.m. the alt. of Jupiter (W. of mer.) 
was 42° 38', the G. M. T. being 19'* 5» 25», E. A M. S. 18»> 17» 
12", E, A. planet 10»» 32« 4% decl. of planet 10° 22' N. 

The vessel then ran E. by N. (true) 36 miles, when at 9** 30" 
A.M., the G. M. T. being 22>> 2" 42», the sun's alt. was 10° 40', 
the decl. and eq. of time being 23° 13' S. and 7* add. to App. time. 

Find the lat. and long, of second place of observation, 

Ans. Lat. 48° 41' N. ; long, 8° 12' W. 

4. On May 1, at 3^ 45" a.m., when the horizon could be 
plainly seen in lat. 50° 10' N., long. 7° 35' W. (by D. E.), the alt. 
of a AquilflB E. of mer. was 45° 12', G. M. T. 16»* 15" 40», and 

E. A. and decl. of star 19'» 45" 7», 8° 34' N., the E. A. M. S. being 
2h 40« iQ.. 

The vessel then ran E. true 24 miles, and at 6 a.m. the altitude 
of the sun was 11° 35', G. M. T. 18»> 25" 3', decl. and eq. of time 
15° 18' N., 3" 13» subtr. from App. time. 

Find the lat. and long, of second place of observation. 

Ans. Lat. 50° 6' N. ; long. 7° 13' W. 

5. On May 25, in lat, 49° 20' N., long. 6° 45' W. (by D. E.), 

1 These examples are intended to be worked by all the methods given in this 
chapter, the graphical solutions being placed on Admiralty Chart No. 1. 

The altitndes given are true altitudes of the sun's centre ; the declination and 
equation of time, &o., are corrected for Greenwich data. 
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at 8 A.M. the alt. of the sun was 35° 6' ; G. M. T. 20** 23~ 2» ; 
decl. 21"* 2' N. ; eq. of time 3"^ 16» subtr. from App. time. 

The ship ran E. (true) 30 miles, and at about ll'* 30"* a.m. 
(the elapsed time by chronometer being 3** 31™ 20») the following 
observation was made near the meridian : 

Alt. of sun 61° 2' ; decl. 21° 1' N. ; eq. of time 3« 15». 

Find the lat. and long, of second position of ship. 

Arts. Lat. 49° 24' N. ; long. 5° 56' W. 

6. On April 21, in lat. 49° 22' N., long. 8° 40' W. (by D. E.), 
at 8^ 32« A.M. the alt. of the sun was 33° 32' ; G. M. T. 2V 6» 8» ; 
decl. 12° 2' N. ; eq. of time 1" 28* subtr. from App. time. 

The ship then ran S. 80° E. (true) 35 miles, and at about 
11^ 35" A.M. (the elapsed time by chronometer being 3** 1" 10*) 
the following observation was made near the meridian : 

Alt. of sun 52° 31' ; decl. 12° 4' N. ; eq. of time 1*" 29«. 

Find the lat. and long, of second position of the ship. 

Ans. Lat. 49° 9' N, ; long. 7° 55' W. 

7. On January 1, in lat. 49° 20' N., long. 7° 25' W. (by D.E.), 
at 10^ 12» A.M. the alt. of the sun was 13° 44' ; G. M. T. 22^ 45'" 
20» ; decl. 23° 2' S. ; eq. of time 3*" 58* add. to App. time. 

Course was then shaped N. 65° E. (true), and when the vessel 
had run 42 miles the Bishop lighthouse was sighted bearing N. 
28° W. (true). 

Find the lat. and long, of the ship's position at that instant. 

Ans. Lat. 49° 40' N. ; long. 6° 18' W. 
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THE TIDES. 

A complete discussion of the phenomena of the tides would be beyond the scope 
of the present work, but the great practical utiUty of a general knowledge of the 
subject in the art of na\'igation (especially round our own coasts) would seem to 
justify the following elementary remarks. 
Oeneral The phenomena of the tides usually observed round the coasts of Great 

deMription Britain and Ireland are those of a regular rise and fia.!! of the water 
separated by intervals of somewhat more than six hours, the tide rising twice 
and falling twice in each day, or rather in about 24 hours and 48 minutes. 
The times when the water is at its highest come later and later at each succes- 
sive tide by an average interval of about half an hour, and at the end of a fort- 
night high water occurs at about the same time of day or night as at the 
beginning. 

It is also a matter of observation that the height to which the water rises 
differs not only at different places, but from day to day at the 9ame place, twice 
in each month rising to a maximum height above the mean level. The recur- 
rence of these phenomena at about the times of new and full moon early 
suggested a connection between them, and we may regard the tides as an effect 
of the attraction of the moon on the water of the globe, modified by a similar 
but lesser attraction of the sun. 
Bail7 In fig. 184, if B represent the earth, seen firom a point above the north pole 

ciianges and supposed to be covered with water, and h the moon, the effect of her 

attraction will be to draw the water toward a, supposing it capable of moving 

Fio. 184. 




freely on the surface ; and since, on the opposite side of the earth b, the 
tendency of the attraction of the moon is to draw the earth away from the 
water, a similar and nearly equal accumulation will occur there ; hence, as the 
earth turns round in the direction of the arrows, every place on arriving near 
A and B will experience high water, and on passing c and D low water.^ 



' If the earth were at rest the high waters would be experienced at a and b, but 
in consequence of rotation and the inertia of the water, they occur some time after 
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The accumulations of water at a and b are termed tidal waves, that at a the 
superior, and that at b the inferior wave ; these tidal waves must be regarded 
as an effect of the attraction of the moon on each successive portion of water 
brought under it by the rotation of the earth. 

While the earth is making a complete rotation the moon has moved in the 
direction m n, and the same daily phenomena will recur at an interval later by 
the amount of that motion — that is, on an average, 48 minutes. 

Sindilar but smaller daily effects are produced by the sun's attraction, the 
observed result being their united effect further and very greatly modified by 
the obstructions offered by the land. 

The fortnightly changes in the height of the tide are illustrated by fig. 186, Fortnightly 
where b represents the earth, s the sun, and m,, Mj, Mj, m^ four positions of the "^* 

Fio. 185. 




€8 



moon in its monthly orbit, the whole seen from the northern side, when the 
directions of the motions of rotation and revolution will be as shown by 
the arrows. 

At Mj, M, (new and full moon), since the sun and moon are acting together ^ Sprinss 

passing through those positions : these intervals are termed lunitidal intervals— that 
is, intervals between upper or lower passages of the moon across the meridian of a 
place and the following high waters. 

* At M, the moon's nearest wave coincides with the sun's farthest wave. The 
tidal effect of the sun is less than that of the moon, since the cause of the tides is the 
difference of the attraction of either body exerted at the surface and at the centre of 
the earth. That difference in the case of the moon is such that the force of attraction - 
on the nearest part of the earth is ^^gth greater than on the centre, while in the case 
of the sun it is only ^^th part greater ; the total force of attraction of the sun being, 
however, much greater than that of the moon, the real proportion between the tidal 
effects of the sun and moon is about 1 to 2^, and if the earth were covered with water 
spring tides would bear to neap tides the ratio of (2^ + 1) to (2^—1), or 18 to 5. 
Under existing circumstances the neap tide may be considered on an average to rise 



Digitized by 



Google 



406 



NAVIGATION AND NAUTICAL ASTRONOMY 



Primins and 
lagging 



Moon's age 



and producing their greatest effect, the tides are then equal and at their highest 
being termed Spring tides. 
Heaps At H,, Mj (the first and last quarters) the sun and moon are acting at right 

angles to one another, and the smaller effect due to the sun tends to neutralise 
the more powerful effect of the moon, the result being that the water is more 
evenly distributed over the globe and nowhere rises so high : these tides are termed 
Neap tides. In some localities at the first and last quarters fowr hi^ waters 
are actually experienced, but more firequently a modifying effect on the ordinary 
two high waters occurs. The disturbing effect of the sun between springs and 
neaps is shown by the tide not being formed so nearly under the moon as at 
springs, but nearer to or £a.rther firom the sun ; this effect, termed priming and 
Itigging, causes the intervals between successive high waters to be sometimes 
considerably greater or less than the average. Thus for about three days after 
spring tides the interval between the corresponding tides of successive days is 
less than the average, and the tides are said to prime ; while for about three days 
after neaps the opposite effect is produced, and the tides are said to lag. 

The time which elapses between the moon occupying the positions M^, m,, m,, 
M4 differs at different seasons of the year, owing to neither of the orbits of the 
earth and moon being circular, and also to the point of the moon's nearest 
approach to the earth (perigee) differing each month. Since the average 
complete revolution of the moon with regard to the sim is effected in 29^ 12^ 
44", these intervals may roughly be considered as* 7^ days each, and are 
usually estimated by the moon's age, which is supposed to begin with the time 
of new moon.' 

Hence, in general terms — 
Summaxy At new moon the sim and moon are said to be in conjunction, and the moon's 

age is days ; it is on the meridian of every place at nearly the same time as 
the sun, and spring tides are caused. 

At the first quarter the moon's age is about 7^ days ; it is on the meridian of 
every place at 6 hours after the sun, and neap tides are caused. 

At full moon the moon is said to be in opposition, and her age is about 15 
days ; it is on the meridian at 12 hours after the sun, and spring tides are again 
generated. 

At the last quarter the moon's age is about 22^ days ; it is on the meridian 
at 18 hours after (or 6 hours before) the sun, and neap tides are again 
caused. 

The tide produced by the sun is greatest at the equinoxes (March 20 and 
September 22), when it has no declination, and would also exceed the average 
when the earth is nearest to it (January 1), but for the &ct that it does not then 
exert its attraction over the equator. This tide recurs every 12 hours. 

The tide produced by the moon is greatest twice a month when it has no 



three-quarters the height of springs, the height in both cases being estimated above 
the level of low water of ordinary spring tides ; the proportion between springs and 
neaps is, however, very different in different places. 

^ New moon occurs each time at noon on some one meridian — ^that is, the sun and 
moon cross that meridian at the same time. At places east or west of that meridian 
the instant of the sun and moon being in line may occur at any hour of that day 
(local time), depending upon the longitude, but they will nevertheless cross the meri- 
dian at nearly the same time. The same consideration applies of course to the time 
of full moon in regard to its occurrence at midnight. 
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declination, and espeoiaUy so when at snch times it is nearest to the earth. This 
tide reonrs on an average every 12 hrs. 24 mins. 

The heights of successive spring and neap tides differ from each other, since 
the new and full moons sometimes occur when the moon is nearest to the earth, 
and sometimes when it is farthest away ; they are also greater when the new 
or fdU moon passes the meridian of a place near the zenith, and less when it 
crosses at some distance north or south of the place; while the attractive 
influence of the sun Is greatest in January, when the earth is nearest to it, and 
least in July when it is farthest away.^ 

The most powerful cause of difference is, however, probably due to the 
rotation of the earth, which causes bodies on the surface to have a tendency 
everywhere (except at the poles) to recede from the axis. This tendency 
(termed centrifugal force) is most powerfiil at the equator, since the velocity of 
rotation is there at its maximum, and at the new and full moons which occur 
about the equinoxes (March 20 and September 22), when both sun and moon are 
nearly vertically over the equator, this centrifugal tendency acts directly tuith 
their attractions, and unusually high tides, known as equinoctial springs, 
occur. 

Observations show that, notwithstanding the great differences in the height Mean f 
of tide at different places, and even at the same place at different times of the ^^"^^^ 
month, the mean level of the sea is practically everywhere the same.' A good 
determination of the mean sea-level by the simple operation of taking means 
may be made, in less than two days, with even a moderate number of observa- 
tions properly distributed so as to siibdivide both sola/r and Iwna/r days into 
not less than three equal pa/rts. Suppose, for example, we choose 8-hour 
intervals, both solar and lunar. Take a lunar day at 24** 48"* solar time, which 
is near enoufjii, and is convenient for division ; and choosing any convenient hour 
for oonunencement, let the height of the water be observed at the following times, 
reckoned from the conmiencement : 






8 


16 


816 


1616 


24 16 


16 82 


24 82 


82 82 



The observations may be regarded as forming three groups of three each, 
the members of each group being separated by 8 hours solar or lunar, while one 
group is separated from the next by 8 hours lunar or solar. In the mean of the 
9 results the limar and solar semidiurnal and diurnal inequalities are all four 
eliminated. 

Nine is the smallest number of observations which can form a complete series. 
If the solar day be divided into m and the lunar into n equal parts, where m and 
n must both be greater than 2, there will be rrm observations in the series ; and 
if either m orn be a multiple of 8, or of a larger number, the whole series may 
be divided into two or more series having no observation in common, and each 



' The greatest and least distances of the earth from the san are in the proportion 
of aboat SO to 29 ; the greatest and least distances of the moon from the earth are in 
about the proportion of 8 to 7. 

' To test this important point a series of levels in 1880 were carried across from 
Wick rocks, on the Bristol Channel, to Axmoath, on the English Channel, and though 
at low water the level of the sea at these places differed 12 feet, the mean level coin- 
cided almost exactly. 
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complete in itself. The accuracy of the method can thus be tested, by comparing 
the means obtained from the separate snb-series of which the whole is made up. 

Should the ship's stay not permit of the employment of the above method, a 
very £Bur determination may be made in less than a day, by taking the mean of 
n observations taken at intervals of the nth part of a lunar day, n being greater 
than 2. Thus if n^S these observations require a total interval of time 
amounting to only 16^ 82". The theoretical error of this method is very small, 
and the result thus obtained is decidedly to be preferred to the mere mean of 
the heights at high and low water. 

The mean level thus determined is subject to meteorological influences, and it 
would be desirable, should there be an opportunity, to redetermine it at the 
same place at a different time of the year. Should a regular series of observations 
for a fortnight be instituted, it would be superfluous to make an independent deter- 
mination of the mean sea-level by either of the above methods at the same time. 

The following diagram illustrates the movement of the water throughout a 
lunar month, and also the terms employed on Admiralty charts with reference 
to the heights of spring and neap tides. 

Fio. 186. 

In this fignre the lerel of the sea at high water thronghout a month is shown l>y the npper 
ourye, and that at low water by the lower curre. 

ABsriMof •prIngB. ADsriaeof neap6.sCD range o( neaps.* 



.1^»W« 




LWS^S 



tWSpyt 



Lwsp^ 



Atlantic The theoretical considerations of the tidal waves on the supposition of the 

tides earth being covered with water are practically very greatly modified by the &ct 

of so much of the sur&ce being occupied by land ; ' thus in the Atlantic Ocean 
we find, since the times of high water become later and later on proceeding from 
the southern to the northern part,^ that the tidal wave (compared to the flatter- 
ing of a flag) proceeds from south to north instead of from east to west, travel- 
ling in deep water at some hundreds of miles an hour, and only rising a few 
inches above the mean level, but rising many feet in the shoaler water nearer the 
land, and only travelling at the rate of a few miles an hour. 



» The proportion of land to water on the earth is about 1 to 4. 

» This was illustrated by Dr. Whewell in 1833 by connecting by carved lines upon 
a chart of the Atlantic Ocean those places where the Establishment of the Port 
reduced to Greenwich time was the same. 



Such lines are termed co-tided lines. 
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The interval between the time of the moon's meridian passage on the day of y^j-^r 
new or full moon and that of the high water which follows, expressed in mean establish- 
time, is defined as the Establishment of the Fort (H. W. F. & C), or Vulgar ment 
Establishment ; this is practically equivalent to considering the H. W. F. & G. 
given on charts as the p.m. time of high water on the day of new moon or the 
A.M. time of high water on the day of full moon. 

If the moon were the sole cause of the tides high water would follow the 
meridian passage of the moon on every day by about the same interval, and 
therefore would occur about 48 minutes later every day.^ 

The disturb^g influence on the tide caused by the sun, however, prevents 
this regularity, and this disturbance affects different localties so variously that 
no general law can be established. This difference appears in the different ratio 
of the rise of spring tides to the rise of neap tides (the semi-mensual inequality 
of heights). In general the rise of spring tide above mean water is about 
double that of neap tide, which gives the solar tide cme-third of the lunar tide. 
But in some cases the spring tide exceeds the neap tide only by one -third, which 
gives the solar tide only one-seventh of the lunar tide. 

Also the difference of the greatest and least lunitidal intervals — that is, the 
semi-mensual inequality of the times — shows the difference of the solar tidal 
force at different places. The difference of the greatest and least intervals is 
1** 28*" at London and Liverpool, but at Plymouth it is 1** 86™, and at Ports- 
mouth 1** 21*. On the coast of North America it is generally less than l** 20", 
while at some places on the coasts of France and Ireland it is above 2**. 

We may take l*" 28"" as the mean value of this difference, which agrees with 
the supposition that the solar tide is about one-third the lunar tide. Since, then, 
the daily difference between the times of moon's meridian passage and that of 
high water depends upon the relative positions of the moon, sun, and earth, no 
accurate laws can be framed for any place until a complete series of observa- 
tions have been made at that place, embracing a period covering every change 
in these relative positions ; this period is 18 years 11 days, and for the few 
localities where such a long series of tidal observations (18,000) have been 
made, tables have been calculated ' which enable predictions to be made of ^^^ tables 
times and heights of tides at any future period. 

Those times and heights are made applicable (approximately) to all impor- ipj[^o calcu- 
tant harbours on the coasts of Great Britain, Ireland, and the north coast of lations 
France by adding or subtracting certain tidal constants (given in the Tide 
Tables) to the time and height given on the day in question for the nearest of 
these standard ports. 

For other places on the globe, apart from information derived on the spot, 
perhaps the best method of ascertaining the time of high water on any day is 
the following : 

Example : — To find the time of high water approximately. 



* That is, since two high waters occur in the lunar day, these would be separated 
by an average interval of 12 hrs. 24 mine. It should be understood that the tidal 
wave does not occasion a transference of the particles of the water, but only a transfer 
otform ; this may be illustrated by comparing the tidal wave with wind waves, when 
a similar effect is produced, though the origin of these waves is of course very 
different. 

* These are published in the Admiralty Time Tables; they were originally 
compiled by Sir J. Lubbock in 1839 ; and relate to 24 standard ports, 23 being in the 
United Kingdom, and one (Brest) in France. 
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To the time of moon's meridian passage (corrected for longitude) add the 
establishment of the port or H. W. F. & 0. given on the chart. 

If the snm be less than 12 hours, it is the time of high water p.x. ; if it 
exceeds 12 hours, it is the time of high water next morning ; and to obtain the 
time for p.m. the previous day, subtract 12^ 24"". 

If the sum exceed 24 hours, it is the time of high water p.m. the next day ; 
for the time p.m. on the proposed day, subtract 24 h. 48 m. 

When the age of tide is known the results can be greatly improved by cor- 
rection from one of the following tables : 

(1) Tide a day a/nd a quarter oZ<2.— Minutes to be added t9 or subtracted 
from the establishments, according to the hour of the moon's transit on the 
half-day in question. 



Hour of the Moon's) 
Transit after San 1 


h. 




b. 
1 

m. 
-16 


2 

m. 
-32 


h. 
8 

m. 
-47 


b. 

4 

m. 
-67 


h. 
6 

m. 
-60 


6 

m. 
-47 


h. 
7 

m. 
-16 


h. 
8 

m. 
+ 16 


h. 
9 

m. 
-1-28 


h. 
10 

m. 
+ 25 


b.1 


(Correction of the 
Vulgar Establish- . 
ment to find the 
Lunitidal Interval J 


m. 



+ 16 



For example, if the establishment be 2'' 27"*, at what hour will the hig^ 
water come after a moon's transit which takes place at 4*" ▲.m. ? The minutes 
to be added to 2»» 27"» for 4»» transit are, by the table -57", that is 67" to be 
subtracted ; therefore the high water will be at 1** 80" after the moon's transit, 
that is at 5" 80". 

(2) Tide two days and a half old : 



Hour of Moon's Transit 



CJorrection of the \ 
Establishment J 



h. 




h. 

1 


2 


b. 
8 


b. 

4 


b. 
6 


b. 
6 


b. 
7 


b. 
8 


h. 
9 


h. 
10 


b. 


m. 


m. 


in. 


m. 


m. 


m. 


m. 


m. 


m. 


m. 


m. , m. 





-16 


-31 


-47 


-62 


-72 


-76 


-62 


-81 





H 


+ 10 



This table to be used in the same way as the other. 

Hence we see that the age of the tide most affects the lunitidal interval 
when the time of moon's transit is between 7 and 8 hours. 

At both springs and neaps the tide rises or falls most rapidly at or near 
half-tide ; to find the height of tides at any intermediate hour between high and 
low water, Table (£) of the tide tables is employed, or Inman's Tables, No. 10, 
but these are only applicable when the times of rising and falling are equal. 

The Corrected Eatahlishment is the mean time of high water on the after- 
noon of the day of that new moon which crosses the meridian of a place with 
the sun — that is, at 12 o'clock. 

Although this occurs but rarely at any one place, yet by means of a graphical 
representation it may be readily determined from a series of observations of the 
Vulgar Establishment,^ and it is that which is usually given on charts as 
H. V^. F. & C. 

* A pamphlet illastrating the mode of doing this is published by the Hydrographio 
Office and placed in the chart boxes ; the Mean Establishment is the mean of the 
lunitidal intervals for a fortnight or semilunation, and is always less than the Vulgar 
Establishment. 
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The greatest effect of the sun and moon in causing the rise of tide must Age of tide 
evidently occur at the instant of new or full moon, and the interval between 
those dates and the time of occurrence of the highest tide subsequently ex> 
perienced at any place is termed the age of the Ode, or sometimes the retard. 

Thus at London the highest tide does not occur until about 2^ days or five 
transits after new or full moon, and the age of the tide is said to be 2^ days ; a 
similar effect is produced on the neap tide. 

The highest tides take place on the west coast of Ireland and on the south 
coast of England, three transits after the new and full moon, xmless diverted 
by gales of wind or other extraordinary causes. Along the east coast of Eng- 
land, they take place four transits after the, new and full moon. In the river 
Thames they occur five transits after the same epoch. These differences arise 
from the fact that the same tidal wave which produces high water on the west 
coast of Ireland takes half a day in its progress thence to the east coast of 
England, and a whole day before it arrives in the river Thames. 

A knowledge of the direction in which the tidal stream will set a vessel is TidiU 
generally of more practical inportance in navigation than that of the time of streams 
high water and height of tide, which are chiefly of use when entering or leaving 
a harbour. 

There are few places, except the heads of bays and inlets, where the tidal 
streams at any distance from the shore turn with the rising and falling of the 
water,^ and in channels open at either end the stream or set of the tidal waters 
turns at half- tide by the shore : this is known as tide amd half -tide. 

Near the sides of a channel of any width, and whose sides are shallow, the 
direction of the tidal stream is rotatory. On the left hand, looking up the 
channel with the flood stream, the direction of the rotation is with the hands 
of a watch ; and on the right-hand side, in the contrary direction, in the follow- 
ing manner. At low water the stream will be running down the channel ; at 
half tide it will be flowing towards the shore ; at high water it will be running 
up channel parallel to the shore ; and at haU ebb it wiU be ebbing directly away 
from the shore.^ 

In the upper parts of estuaries or tidal rivers, where shallow water prevails 
the duration of the flood stream is commonly shorter than that of the ebb. 

The higher up the estuary the greater wOl this difference become. This is 
apparently due to the retardation of the advancing tide caused by friction over 
the shoals, and when the range of tide is great the water becomes heaped in 
the lower part of the estuary, finally rushing up the higher part in a wave 
which, in extreme instances, has a more or less vertical face, and is called a 
' hore.' In such a case the tide rises perhaps half its height in a few minutes, 
and the whole duration of flood stream will be confined to two or three hours, 
or even less, the remainder of the twelve hours being occupied by the down- 
ward or ebb stream. 

Such local peculiarities are described in the sailing directions relating to the 
place in question, and our description will be limited to those localities round 
our own coasts where a knowledge of the set of the tidal streams is of most 
importance. 



' At London Bridge the stream runs up until the surface of the water has fallen 
about 2 feet. 

^ A good diagram showing the level of the water at high, low, and mean tide at 
the First Narrows in Magellan Strait, where tide and half-tide is well illustrated, will 
be found in Wrinkles on Navigation. 
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Throughout the English Channel and North Sea the direction in which a 
vessel will be set by the tidal stream at any hoiur can be referred to high water 
at Dover, and to fieicilitate this reference the locality is supposed to be divided 
into 21 compartments, whose limits are given in the Tide Tables. 

On finding from the known position of the ship in which of these compart- 
ments she is situated, and also from the Tide Tables the number of hours 
before or after high water at Dover on the day in question, the probable direc- 
tion and rate of the tidal stream can be taken from the Tide Table by inspec- 
tion. 

Throughout the Irish Channel the tidal streams set towards Liverpool while 
the water is rising there, and . away from Liverpool when the water is fisilling 
there : this is quite irrespective of this various times at which it is high water 
on shore throughout this long channel; in fact, it is high water at both 
entrances at the same time that it is low water in the middle. The direction 
in which a vessel will be set by this tidal stream is therefore always found by 
ascertaining from the Tide Table the time of high water at Liverpool on the day 
in question, the rate being given in a tabular form. 
Diurnal in- ^ ^^^ ^^ ^^® more peculiar features of tides in localities where they are 

equalities not so regular as round our own coasts will now be mentioned. 

In most parts of the world observations show thai consecutive high and low 
waters do not rise or £Edl to approximately the same level ; this difference is 
termed the diurnal inequaZity of height^ and may affect high waters only, low 
waters only, or both ^ ; frequently, if the highest tides occur by day at one season 
of the year or period of the moon, the night tides will be highest at the opposite 
season or period. 

In many places the regularity of the times of recurrence of high and low 
water are affected at different seasons in opposite ways ; this is termed the 
diurnal inequality in time. 

The causes of diurnal inequality are usually explained as follows : 

If Ti, T,, (fig. 187) represent the two positions of the earth with regard to s 
the sun, at midsummer and midwinter respectively, and a a, in each figure 
represents a position of the earth in lat. 28° N., shown both at noon and at 
midnight : 

Fig. 187. 
P- P^ 





It is evident that at t^ (midsmnmer) the day tide, caused by the sun, will 
rise higher than the night tide, since, though these tidal waves (shown by a 
dotted curve) are equals yet by day a passes under the crest, while at night the 
crest is 46° to the southward of Ap to which point a has been carried by the rota- 
tion of the earth. 

* At Singapore this diurnal inequality sometimes amounts to 6 feet, and chiefly 
affects the level of low water ; at the Falkland Islands it is about 2 feet, and equally 
affects both high and low water ; round our own coaBts it does not amount to more 
than a few inches. 



Digitized by 



Google 



THE TIDES 413 

From similar considerations we see that at t, (midwinter) the night high 
water will be higher than that by day. 

II, then, the smi alone were attracting the water, the effect on the diurnal 
inequality would be reversed every six months; but, as similar aild much 
greater effects are produced by the moon in her monthly revolution round the 
earth, their united effect is much more complicated. 

In some localities at neaps the two lunar and two solar tides appear 
separately^ occasioning four tides in one day, while at other places they 
obliterate one another and a tide is only apparent at , springs ;. Courtown, in 
Ireland, is an instance of the former, and Tahiti, in the Pacific Ocean, an 
instance of the latter occurrence. 

An increase or decrease of the pressure of the atmosphere over any locality Effect of 
(indicated by the rising or falling of the barometer) affects the height of tide, a harometrio 
high barometer occasioning a loiv tide, and vice versd, 

Xn the open ocean a rise of 1 inch would occasion a depression of about 
1 foot, but in locahties somewhat surrounded by land the effect is less, being 
about 7 inches at London and 11 inches at Liverpool. 

Exceptionally high tides occur at all. places at the times of new and full 
moon near the equinoxes (March 20 and September 22), and also when new or 
full moon occurs in January at the time when the moon is nearest the earth 
(perigee).* 

The dates of such high tides are indicated by an asterisk in the Admiralty 
Tide Tables, and the effects are further increased at such times by a low baro- 
meter and wind blowing from such a direction as to cause an accumulation of 
water at the place considered.^ 

It may. be interesting to note that the highest known tides occur in the Bay 
of Fundy, New Brunswick, where springs sometimes rise 70 feet ; round our 
own shores the maximum occurs at Chepstow, Bristol Channel, where the 
spring rise is 60 feet ; at London Bridge it is 21 feet. 



* The distance of the moon from the earth varies from 252,950 to 221,590 miles. 

' A gale of wind has been known to alter the level of the river Thames at London 
by as much as 5 feet. This cause leads to the time of high water being delayed but 
the height increased ; the opposite effect is, of course, produced by wind blowing out 
of a river or estuary. 
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PEACTICAL EXAMPLE ON NAVIGATION. 

Tkb following example (the calculation of which forms a part 
of the instruction in practical navigation given to the senior classes 
of students at the Boyal Naval College) is intended to be both 
worked through and laid down on the charts ; ' if the latter are 
not available the calculation may conveniently commence on page 
415, May 2. 

Illustrations will be found in this of most of the practical 
problems dealt with in former pages. 

Voyage of H.M.S. * Greenwich ' from Portsmouth to 

Madeira, 1884. 

At Portsmouth, on April 18, box chronometers A, B, C, and 
deck watch (D), were drawn from the Eoyal Observatory. 

On April 20 time ball dropped at 5** ll"" 3», as shown by D ; 
the comparisons with A, B, and C were as follows : 



D 5^ 21°^ 20-5' 
A 5 13 00 



D 5»» 21°^ 13- 
B 11 9 00 



D 6»» 22" 69- 
C 3 13 00 



On April 21 time ball dropped at 5*» 11" 6-5' by D ; the com- 
parisons were — 



D S'^ie-' 2» 
A 5 8 00 



D 5»» 16°^ 21-6- I D 5^ 17» 585 
B 11 4 00 C 3 8 00 



On April 22 time ball dropped at 5»» 11" 11« by D ; the follow- 
ing were the comparisons : 

D 5^ 16°^ 21 -S- ; D 5^ 16» 31-5- j D 5^ 17"^ 58-5' 
A 5 8 00 ; B 11 4 00 | C 3 8 00 

The time ball was taken daily until 1 p.m. on April 25, when 
the errors and rates of the chronometers were determined. 

Sailed for Plymouth on April 26, passing out of the Needles 
Channel at 2 p.m. (having previously calculated time of high water 

1 The charts required bear the following nambers:— 1; 2060a; 2450; and 2620 
(for deviation see Table on page 21). The charts in the Officers' Atlas may also be 
used. 
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in that channel) ; took departure with Needles lighthouse bearing 
E. by N., and St. Catherine's lighthouse S-E^S. (head W.S.W.), 
and shaped course to pass 5 miles south of Shambles light vessel. 
At 3^ 30°* P.M. Priory church at Christchurch bore N.E.fE., and 
Anvil Point lighthouse N.W.fW. (head W. by N.^N.). At 6^ 
30" P.M. Shambles light bore N.N.W.^W., when, intending to 
double the angle on the bow, the patent log was put over ; at 7^ 
25°* P.M. the light bore N. by E.^E., and the patent log showed 
5 miles ; continued on the same course until 8** 30™ p.m., when, 
with Portland High Light bearing N.E.fN., and Shambles light 
E. by N.JN., course was altered to pass 5 miles south of the 
Start. 

At 2 A.M., April 27, Start light bore N.W.JN. (head N.W. by 
W.JW.)., when, intending to double the angle on the bow, the 
patent log was put over ; at 3 a.m. Start light bore N. by W.JW., 
and the patent log showed 7-1 miles ; at 3** 45" A.M., with Start 
light bearing N.N.E.^E., and patent log showing 12*1 miles, course 
was altered for the Eddystone. At 6 A.M. the Eddystone bore 
N.W.iN., and Bolt Tail E.JN. (head N.W.^N.), when the vessel 
was steered for Plymouth Sound. 

During the above passage the set of the stream was calculated 
when off the Shambles and off the Start, also the time of high 
water at Plymouth. 

During the stay at Plymouth the time ball was daily taken, 
and at noon on May 1 chronometer A was considered to be 4** 3" 
22* fast on G. M. T., daily rate 3-6« gaining. 

Leaving Plymouth at 6 a.m. on May 2, took departure from 
Eddystone lighthouse, bearing N.E.FE., distance 2 miles (head 
S.W.), and shaped course W.^N., with a fair wind. 

At 9 A.M. observed a time azimuth. Time by A 1^ 24" !•, 
comp. bearing of sun S. 21** E., head W.^N., and comp. bearing 
of sun with head S.W. by W.JW., S. 29^ E. 

At noon, having run 48 miles, observed meridian alt. sun' 
L. L. 55^ 41' 45", index error + 2' 10", dip for 20 ft. 

N.B. — This index error and dip was employed throughout 
the voyage : the lower limb of sun was always observed, and the 
observed altitudes registered. 

May 3. — At 2 a.m. the run from the previous noon was 115 
miles, when, being in 80 fathoms of water, course was altered to 
S.W. by W-iW. ; and at 8*» 30" a.m., having run 45 miles, took 



May 2.— Sun's dec. 15^ 34' 56" N. Var. in 1 hour, 4430" incr. 
Var. 21^ W. 
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sights for sun chronometer. Time by A, 1^ 6" 55" ; altitude, 36** 
52' 15". 

At noon, the run from sights being 22 miles, observed the 
meridian alt. of sun 58** 9' 50" ; and, after a further run of 62 
miles on the same course, at IQ p;m. the wind drew ahead from 
the southward, with cloudy weather, and the vessel was put on 
the port tack. 

May 4, at 6 a.m., having made 45 miles W. by N.^N., with 
half a point leeway, the vessel came up to W. by S. (leeway 
^ point), and at noon had made 35 miles on that course, when 
the wind drawing ahead, ship was tacked to the eastward. 

At 2 P.M., having made E.^S. 10 miles after noon (leeway 
i point), took the first sights for double altitude (Sumner) and 
deviation of compass, putting over the patent log. Time by A, 
6h 44m 41S . altitude of sun, 51*^ 9' 5" ; comp. bearing, S. 54^ W., 
head E.JS. 

At 4** 30" P.M., when patent log showed 12-8 miles, course 
E.^S. (leeway i point), observed second sights for double altitude. 
Time by A, 9^ 10" 46» ; altitude, 2T V 30" ; comp, bearing 
S. 89^ W., head E.^S. 

From 4** 30" p.m. the courses made good were E. 12 miles, 
E.^N. 11 miles, and E.^S. 14 miles (leeway \ point on each 
course), when at 1 A.M., May 5, ship was tacked to the westward. 

From 1 A.M. until 8 A.M. the courses were as follows : N.W. 
by W.iW. 9 miles ; W.N.W. 11 miles; and N.W. by W.|W. 
14 miles (leeway ^ point on each course) ; sights were then taken 
for sun chronometer. Time by A, 12'* 39" 55* ; altitude, 32° 14' 50" ; 
comp. bearing S. 33** E. (head N.W. by W.JW.). 

Between time of sights and IV 45" N.W. by W.|W. 21 miles 
was made good, with leeway ^ point, when an altitude of the sun 

May 3.— Sun's dec, 15** 52' 32" N. Var. in 1 hour, 43-65" 
incr. Eq. of time, 3" 18-45'' sub. from A.T. Var. in 1 hour, 
0-255» incr. 

May 4.— Sun's dec, 16** 9' 52" N. Var. in I hour, 4299" incr. 
Eq. of time, 3" 24-31* sub. from A.T. Var. in 1 hour, 0-232« incr. 
Var. 23** W. 

May 5. -Sun's dec, 16° 26' 55" N. Var. in 1 hour, 42-31" 
incr. Eq. of time, 3" 29'60» sub. from A.T. Var. in 1 hour, 
0-210»incr. Dec. of 7 UrssB Majoris, 54** 20' 22" N. Dec of fi 
Leonis, 15' 13' 13" N. Dec. of a Cancri, 12** 18' 21" N. R.A. 
a Cancri, ff» 52" 8V Sid. time at preceding G. M. noon, 2»» 55" 2-66«. 
Var., 23*' W. 
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near meridian was observed. Time by A, 4** 26" 43' ; altitude, 
60** 11' 30". 

The wind then became fair, and course was shaped S.W. by 
W. ; at sunset (7 p.m.) an amplitude was observed, the sun setting 
by compass N. 32^ W. (head S.W. by W.), and the run from 
IV' 45°^ A.M. to that time being 41 miles. 

At 8^ 50" P.M., having run 52 miles from 11*^ 45" a.m., the 
meridian altitudes of a north and of a south star were observed 
at the same time and also a star chronometer. 

Mer. alt. 7 Ursae Majoris 80° 44' 20". 

„ fi Lieonis 60 15 50. 

Time by A, V 34" 4- ; altitude a Cancri, 41° 10' 50". 

Prom this time until 11** 30" A.M., May 7, the run was 98 miles, 
when an altitude of the sun near the meridian was observed. 
Time by A, 4»» 30" 56- ; altitude, 62° 55' 50". 

The run from these sights to noon was 4 miles. 

At sunset (7 p.m.), having run 49 miles from noon, the sun 
was observed to set by compass N. 34° W. 

At 9** 40" P.M., on a further run of 21 miles from sunset, the 
meridian altitude of the moon's lower limb was observed to be 
41° 23' 10". 

May 7, at 2 a.m., when 100 miles had been run from the 
previous noon, the altitude of Polaris was observed 41° 11' 30", 
and the meridian altitude of t) Ophiuchi 32° 39' at the same time ; 
the wind then fell light, with cloudy weather, and at noon the 
vessel had made good 152 miles from the previous noon. 

The vdnd then drew ahead from the southward, and the 
courses until 4 A.M., May 8, were as follows : W.^N. 30 miles, 
S.W. by W. 20 miles, and W.N.W. 32 miles (leeway i point on 
each course), when the vessel was tacked to the eastward, and the 

May 6.— Sun's dec, 16° 43' 42" N. Var. in 1 hour, 4162" incr. 
Eq. of time, 3" 34-37» add to M. time. Var. in 1 hour, 0-21* incr. 
Moon's dec, at lO** 5° 23' 25" S. Var. in 10" 932" incr. Moon's 
semi, (corr.) 15' 5". Moon's hor. par. (corr.), 54' 42". Var., 24° 
W. Sid. time at G. M. noon, 2'* 58" 59-21'. Dec of 97 Ophiuchi, 
15° 34' 48" S. 

May 7.— Sid. time at G. M. noon, 3^ 2" S&. Dec of 4 
AquilflB, 13° 41' 30" N. Dec. 7 HercuUs, 19° 25' 35" N. E. A. 7 
Herculis, 16^ 16" 48». 

May 8.— Sun's dec 17° 16' 26" N. Var. in 1 hour, 40-2" incr. 
Var. 22° W. 

E E 
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position at the same time determined from the following observa- 
tions : Altitude of Polaris, 40° 13' 30" ; mer. alt. ? Aquilae, 
63** 26' 20". Time by A, 9^ 5" 36- ; altitude 7 Herculis, 
4r 57' 10". 

From this point until noon the vessel made good S.E. by S. 
40 miles (leeway i point), and the meridian altitude of the sun 
was observed 67** 15' 40", after which the wind came fair and 
course was shaped S.W.fS. 

At 4 P.M., having run 32 miles, the vessel was swung for 
ascertaining the deviation b}^ bearings of the sun observed on eight 

points. 

Time by A. Ship's Head. Bearing of Sun. 

9»> 3"^ 51- North N. 7r W. 

N.E West 

East S. 88** 10' W. 

S.E N. 86 40 W. 

South N. 73 30 W. 

S.W N. 60 20 W. 

West N.48 W. 

39 40 N.W N. 46 10 W. 

43 45 North N. 64 SOW. 

Course was then continued S,W.|S., and at noon, May 9, the 
run from the previous noon was 195 miles. 

From noon, May 9, to 4 a.m.. May 10, the run on same 
course was 71 miles, when the following star observation was 
made with the view of combining it with a subsequent observa- 
tion of the sun, to form a double altitude (Sunmer). Time by A, 
911 4m 54s . altitude fi Sagittarii, 31^ 25' 10". 

The patent log was then put over, and at 8 A.M., when it 
showed 91 miles, the following observation of the sun was ob- 
tained : Time by A, 1»» 7» 13' ; altitude, 36^ 1' 50". 

Course was then shaped S.W. by S. for Porto Santo, and 
on running 41 miles from sights a time azimuth was taken : Time 
by A, lO** 33°^ 34» ; comp. bearing of sun, N. 51** 20' W. (head 
S.W. by S.). 

Porto Santo was sighted ahead at 4 a.m., May 11, after which 
couBses were shaped as requisite for Funchal Bay. 



10 


40 
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42 
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27 


69 


33 


52 



Matj 9.— Sid. time at G. M. noon, 3" 10" 49». E. A. /i Sagittarii, 
18" e- 50*. Dec. ft, Sagittarii, 21° 6' 16" S. 

May 10.— Sun's dec, 17" 48' 1" N. Var. in 1 hour, 38-74" 
incr. Eq. of time, 3'» 47-77' sub. from A.T. Var. in 1 hour, 0-92' 
incr. Var., 22° W. 
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EXAMINATION FOR RANK OP LIEUTENANT, R.N. 

Part I. 



BOYAL NAVAL COLLEGE, NOVEMBER 1898. 



NAVIGATION.— Paper I. 

Time allowed, 8 hours, 

October Slat, 1898, landed at Blackpool, latitude 68"^ 48' 30'' N., longitude 
S° 2' 45" W., and about 7** 40*" p.m., mean time, took the following observations 
to rate chronometer : 

Mean of Obe. Alt. a Lyras (W. of Mer.) 
Mean of Ohronometer Times. in Artlfloial Horizon. 

8'* 12" 0» 98° 24' 10" 

October 20th, at G.M. Noon, the chronometer was 0»» 20" 25» fast on G.M.T. 
Proceeded to sea at 9*» p.m., shaping course N. 10° W. 
Deviation, 3° E. Speed, 12'. Blackpool Light bearing N. 68° E. 
9^ 15« P.M. Blackpool Light, S. 39° E. 

11»» 80» P.M. Obs. Alt. Polaris, 55° 34' 10"; Selker Light, N. 30J° E. 
Altered course N. 46° W. Deviation, 1* 40' E. Speed, 12'. 
2»» A.M. Obs. Mer. Alt. Moon's U. L., 69° 49' 40". 

Obs. Alt. Mars' Centre (E. of Mer.), 36° 42' 0". 
Chronometer showed 2^ 20" 22«. 

Altered course N. 83° W. Deviation, 2° 40' W. Speed, 12'. 
6»» A.M. St. John's Point Light, N. 61° W. 
6** 15" A.M. The angular bearing on the bow was doubled. 
Lay down the various courses, distances, and bearings. Obtain the position 
at 9^ 16" P.M. ; and the D. K. and observed positions at 11^ 80" p.m., 2** a.m., and 

Q^ 16" A.M. 

All courses and bearings are by compass, unless otherwise stated. 
The index error for all observations was 3' 10" — , and the height of eye was 
17 feet. 



NAVIGATION,— Papbe II. 
Time allowed^ 3 hoxMra. 

1. Define, with diagrams, the terms : Difference of Longitude, Bhumb Line, 
Leeway, Polar Angle, Bight Ascension, Celestial Longitude, Sidereal Day. 

Distinguish between True Course Steered and True Course Made Good ; 
between a Knot and a Nautical Mile ; and between the True Bearing of a distant 
object and its Mercatorial Bearing. 

B E 2 
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2. Prove the formula 

difif. long. = dist. x sine coorBe x sec. mid. lat. 
A certain place on the euiih's surface is revolving 860 miles an hour fetster than 
a place whose latitude is 25^ further south. Find its latitude. 

8. Find the daily motion of the mean sun in the celestial equator, and the 
arc described by a meridian of the earth in a mean solar day. 

The sun's apparent B.A. at mean noon was 14^ 25"* 46*78', and the equation 
of time was 16"* 18*68' ( + M.T.). Find the mean time of the next Transit of the 
First Point of Aries. 

4. Explain the method of calculating the time of the moon's meridian 
passage in any given longitude, explaining what you mean by the 'moon's 
proper motion to the eastward.' 

5. June 28th, 1898, m longitude 16° 45^ £., the true mer. alt. of the sun's 
centre below the pole was 9° 58' 20". Bequired the latitude. 

6. Explain the construction of a vernier, and prove that the degree of accu- 
racy = - , where I » length of a division on the scale of the instrument, n = the 

n 

number of divisions on the vernier, p,n, — 1 - the number of divisions on the 
scale of the instrument. 

Why is it that 61 or 121 divisions on the arc of a sextant are never used in 
constructing the vernier ? 

7. Calculate the value of the auxiliary angle A, having given, apparent alti- 
tude of the moon's centre 46^ 28' ; apparent altitude of the sun's centre 55° 21^^ ; 
moon's horizontal parallax 55' 47". 

8. The sun's declination is 21° N. ; find the latitude of the place where 
morning twilight commences at 6 o'clock. 



NAVIGATION AND NAUTICAL ASTRONOMY. PART 2. 
Time allowed, 2 hours, 

1. A port bears from a ship S. 70° W., distant 40 miles. A current runs 
N. 45° E., 1^ knots. The ship can sail 8 knots within 6 points of the wind 
(S.S.W.), and reaches the port in two tacks. Find, without drawing to scale or 
using any table except the Traverse Table, the distance made good on each 
tack. 

2. May 15th, 1898, in latitude 82° 88' N., longitude 16° 55' W., the sun had 
equal altitudes {approximately 55°) at the following times by chronometer : 

8»» 47" 56' A.M. l** 40«» 42" p.m. 

Required the error of the chronometer on G.M.T. 

8. Given Meridian Passage of Venus, October 80th, 2>' 15" 30\ 

81st, 2»' 13" 18'. 

Transit of First Point of Aries, October 80th, 9*" 23" 10'. 

Find the R. A. of Venus at G. M. Noon, October 81st. 

4. Investigate the formula for finding the latitude by altitude of the Pole- 
star. 

5. Show that if c be the co-latitude of the place, and « the obliquity of the 
echptic, the greatest and least values of the inclination of the ecliptic to the 
horizon are c + a>, and c — a>. 
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DEFINITIONS IN NAUTICAL ASTKONOMY. 

The celestial concave is the surfisice of an infinitely large sphere, of which Celestial 
the earth is the centre, and on which the motions of the heavenly bodies appear ooncaTe 
to take place. 

The true place of a body is the point in which the line joining the centre of Place of a 
the earth to the centre of the body meets the celestial concave. body 

The apparent place of a body is the place in which its centre is seen on the Apparent 
celestial concave by an observer. place 

The axis of the heavens is coincident with the earth's axis produced. Axis of the 

heavens 
It is about this diameter that the celestial concave appears to revolve from 

east to west. 

The poles of the heavens are the extremities of the axis. ^^^ of ^he 

heavens 

The equinoctial or celestial equator is the great circle in which the plane of Bqninootial 

the terrestrial equator cuts the celestial concave. 

Its axis and poles a/re the a,xis and poles of the heavens. 

The celestial meridian is the great circle in which the plane of the terrestrial Celestial 
meridian cuts the celestial concave. meridian 

The earth's orbit is a plane and nearly circular curve described about the Earth's orbit 
sun. 

The ecliptic is the great circle in which the plane of the earth's orbit cuts Ecliptic 
the celestial concave. 

It is the great circle on which the stm appears to move dwrvng the yeanr. 

The obliquity of the ecliptic is the angle between the ecliptic and the Obliquity of 
equinoctial. *^® eoUptio 

Its value may be assumed to be 28^ 27^ 

The ecliptic cuts the equinoctial in two points : that in which the sun passes First point 
from the south to the north of the equinoctial is called the first point of Aries. ^^ Anes 

This point is called the vernal equinox, while the other point of mtersection 
is called the autumnal equinox or first point of Libra. 

The solstitial points are the two points of the ecliptic which are at the Solstitial 
greatest distance from the equinoctial. points 

These points are midway between the equinoxes. 

When the sun is near the solstitial points its declination does not appreciably 
change for several days. Hence the name Solstice. 

The horizon at any place is the great circle in which the celestial concave is The horisoo 
met by a plane touching the earth. 

Sometimes the horizon is thought of as determdned by a pUme through the 
centre of the earth parallel to the above plame, and it is then caZled the rational 
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The zenith 



Beduoed 
aenith 
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altitude 



North and 
south points 
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vertical 

East and 
west points 

Altitude 



Zenith 
distance 

Angle of 
elevation 

Angle of 
depression 

Azimuth 



Amplitude 



Twilight 
parallel 
Visible 
horizon 



or theoretical horizon, although it is absolutely identical -with the horizon 
defined ahove. 

The zenith is the point overhead in which the perpendicular to the plane of 
the horizon at any place meets the celestial concave. 

The reduced zenith is the point overhead in which a radius of the earth 
passing through the place of the observer meets the celestial concave. 

The true and reduced zenith are nearly covncideni, the earth being almost 
a sphere. 

The nadir is the point in the celestial concave diametrically opposite to the 
zenith. 

The zenith a/nd nadir are the poles of the horizon. 

Circles of altitude or vertical circles are great circles which pass through the 
zenith. 

Parallels of altitude are small circles whose planes are parallel to the plane 
of the horizon. 

The celestial meridiam, <w defined on p. 126 is tJie great circle which passnt 
through the zenith and the poles of the heavens. 

The north and south points are the points in which the celestial meridian 
outs the horizon. 

The prime vertical is the circle of altitude whose plane is perpendicular to 
the plane of the celestial meridian. 

The east and west points are the points in which the prime vertical cuts the 
horizon. 

The altitude of a heavenly body is the arc of a vertical circle between the 
body and the horizon. 

The zenith distance of a heavenly body is the arc of a vertical circle between 
the zenith and the body. 

The angle of elevation of a body above the observer is the angle between a 
line drawn to it and the horizontal plane through the observer's eye. 

The angle of depression of a body below the observer is the angle between a 
line drawn to it and the horizontal plane through the observer's eye. 

The azimuth or true bearing of a heavenly body is the angle between the 
celestial meridian and the circle of altitude passing through the body. 

It is measured by a/n arc of the horizon from the north or south point, 
either eastward or westward, amd may be of any value, from 0° to 180**. 

The amplitude of a heavenly body is the angle between the prime vertical 
and the circle of altitude passing through the body when on the horizon. 

The a/mplitude of a rising body is measured by an arc of the horizon from 
the ea^t point, and may be of any value, from 0° to 90° north or south. 

The amplitude of a setting body is measured from the west point, and may 
be of amy value from 0° to 90° north or south. 

The twilight parallel is a paraUel of altitude 18° below the horizon. 

The visible or sea horizon is the small circle of the celestial concave which 
bounds the view of the observer, being the apparent meeting of the sea and sky. 

The dip is the angle of depression of the sea horizon. 
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NoTB. — The correction for eUp is — . 

The correction for refraction is the angle through which a ray of light from Befraotion 
a body is deflected in passing through the earth's atmosphere. 

The correction for refraction is— ; it vam/ishes at the zenith and is a 
maaDvmurvi at the horizon. 

The parallax is the apparent angular shifting of an object arising from a Parallax 
change in the point of view. 

The correction for parallax in altitude is the angle subtended at the body by 
a radius of the earth passing through the observer. 

The correction for parallax is -^ ; it is a maximu/ni i/n the horizon a/nd 
vanisJies at the zenith. 

The observed altitude of a heavenly body is the altitude of the body above Observed 
the sea horizon as taken with a sextant. altitude 

The apparent altitude of a heavenly body is the observed altitude when Apparent 
corrected for index error, dip, and semidiameter, and is the angle of elevation altitude 
of the line drawn from the observer to the apparent place of the body. 

The true altitude is the apparent altitude corrected for refraction and parallax, True 

and is the angle of elevation of the line drawn from the centre of the earth to altitude 
the true place of the body. 

The transit of a heavenly body is its passage over the celestial meridian. Transit 

Circles of declination are great circles which pass through the poles of the Oiroles of 
heavens. declination 

Circles of declination are sometimes called hour circles. 

Parallels of declination are small circles whose planes are parallel to the Parallels oC 
plane of the equinoctial. declination 

The right ascension of a heavenly body is the arc of the equinoctial between Bight 
the first point of Aries and the circle of declination which passes through the ascension 
body. 

Right ascension is measured i/n tvme eastwa/rd — that is, i/n the direcUon of 
the sun's motion — a/nd may he ofam.y magnitude from Oh, to 2^ h. 

The declination of a heavenly body is the arc of the circle of declination Declination 
between the equinoctial and the body. 

Declination is measured from the equinoctial^ and may he of any magni- 
tude, from 0® to 90® north or south. 

The polar distance of a heavenly body is the arc of a circle of declination Polar 
between the elevated pole and the body. distance 

A polar angle is the angle between any two circles of declination. Polar angle 

The hour angle of a heavenly body is the angle between the celestial Hour angle 
meridian and the hour circle passing through the place of the body. 

Hov/r angle is measured westward from, the celestial meridian, and may he 
of any magnitude, from ^. ^o 24 h. 

Circles of celestial latitude are great circles passing through the poles of the Circles of 
ecliptic. celestial 

latitude 
Parallels of celestial latitude are small circles whosf^ planes are parallel to the parallels of 
plane of the ecliptic. celestial 

latitude 
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Celestial longitude is the arc of the ecliptic between the first point of Aries 
and the circle of celestial latitude passing through the place of the body. 

Celestial longitude is measti/red eastward, and may be of amy magnittide, 
from (f to 360°. 

Celestial latitude is the arc of a circle of latitude between the ecliptic and 
the place of the body. 

Celestial latitude is measured from the ecliptic, and may he of any magni- 
tude, from 0° to 90** north or south. 

The mean sun is an imaginary body which is supposed to describe the equi- 
noctial with uniform velocity in the same time that the real sun describes the 
ecliptic with variable velocity. 

Apparent noon is the instant when the centre of the real sun is on the celestial 
meridian. 

Mean noon is the instant when the mean sun is on the celestial meridian. 

Apparent time is the hour angle of the real sim. 

Mean time is the hour angle of the mean sun. 

The equation of time is the difference between apparent and mean time. 

Sidereal time is the hour angle of the first point of Aries. 

An apparent solar day is the interval of time between two successive transits 
of the sun over the same celestial meridian. 

A mean solar day is the interval of time between two successive transits of 
the mean sun over the same celestial meridian. 

A sidereal day is the interval of time between two successive transits of the 
first point of Aries over the same celestial meridian. 

A solar year is the interval of time between two successive passages of the 
sun through the first point of Aries. 

A mean solar year is the mean of several solar years. 

A sidereal year is the interval of time between two successive passages of the 
sunlthrough the same point of the celestial concave. 

Civil time is reckoned in two intervals of twelve hours named a.m. and p.m., 
as they come before or after the noon of the day which begins at midnight. 

Astronomical time is reckoned in one period of twenty-foiir hours beginning 
at noon. 

The Greenwich date is the astronomical time at Greenwich of the instant 
when an observation is taken. 
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Abbbbtutions on charts, 43 
Absolute altitude, 340 
Acoeleration, 166, 192 
Adjustments of sextant, 137 
Age of moon, 406 

tide, 411 
Airy's great circle method, 104 
Almanac, Nautical, 178 
Alphabet, Greek, 118 
Altitude circles, 127 
absolute, 340 
apparent, 155 
corrections of, 145 
double, 254 
observed, 155 
near meridian above pole, 241, 

267 
near meridian below pole, 253 

errors in, 362 
off meridian, calculated, 215 
on meridian, calculated, 214 

prime vertical, 280 
rate of change of, 369 

near meridian, 371 
near prime ver- 
tical, 370 
true, 156 
Altitude azimuth, 322 

errors in, 371 
Amplitades, 317 

errors of, 321 
Aphelion, 159 
Apogee, 151 
Arc converted to time, 177 

semi-diurnal, 332 
Aries, first point of, 123, 379 

time of transit of, 175, 
187 
Artificial horizon, 336 
Ascension, oblique, 125 
right, 124 

of moon, 187 
planets, IBS 
stars, 125 

sun, 180 I 

Astronomical day, 176 

seasons, 380 
time, 176 
Atlantic tides, 408 

Augmentation of moon^s semi-diameter, i 
158 I 



Autumnal equinox, 123 
Auxiliary angle A, 294 
Axis of earth defined, 2 

heavens defined, 121 
Azimuth, 127 

altitude, 322 

errors in, 371 
diagram, Weir's, 322 
tables, 329 
time, 325 

errors in, 373 



Balance, chronometer, 275 

Balls, time, 335 

Barometer, effect on tides, 413 

vernier, 144 
Bearing and angle, 53 
compass, 113 
cross, 52 
four-point, 59 
magnetic, 53 
true, 113 

of a terrestrial object, 330 
Bearings, change of, 315 
cross, 52 
on charts, 44 
plate, 60 
Binnacle, 12 
Bissextile, 170 
Blackbume's tables, 330, 368 
Box chronometer, 276 
Boxing the compass, 10 



Calbndab, 170 

Gregorian correction of, 171 
Cardinal points, 10 
Centering error, 145 
Change of altitude at any time, 272, 371 
near meridian, 371 
prime vertical, 
370 
Charts, 30 

abbreviations, 43 
catalogue of, 44 
correction of, 42 
Gnomonic, 39 
Mercator, 30, 39 
number of, 43 
Plane, 30 
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Charts, remarks on, 42 
star, 118 

wind and current, 83 
Chord method (Sumner's), 385 
Chronometer, construction of, 274 
history of, 274 
journal, 277 
performance of, 276 
rate of, 354 
star, 288 
sun, 283 
tests of, 276 
Circle of illumination, 382 
declination, 124 
equal altitude, 384 
hour, 124 

six o'clock hour, 124 
vertical, 127 
Civil day, 176 
time, 176 
Clearing lunar distance, 293 
Collimation error, 138 
Colure, equinoctial, 194 
Combined altitudes, 272 
Comparison of chronometers, 277 
Compass construction, 8 
deviation, 120 
error, total, 16 
journal, 100 
standard, 8 
steering, 8 
total error, 16 
Composite sailing, 105 
Compression of earth, 377 
Concave, celestial, 121 
Constellations, 117 
Convergency, 52 
Conversion of K. A. and declination into 

lat. and long, and vice mrsd, 132 
Course, compass, 12 
made good, 15 
magnetic, 18 
steered, 15 
through water, 82 
true, 7 
Cross bearings, 52 
Current, 83 

chart, 83 

sailing, 81 

Curve of equal altitude, 384 



Danger angle, 60 

Date, Greenwich, 179 

Day defined, 157 

apparent solar, 168 
length of, 332 
longest, 333 
lunar, 157 
mean solar, 160 
shortest, 333 
sidereal, 158, 168 
solar apparent, 158 
mean, 160 

Day's work, 83 



Dead reckoning, 1 
Declination defined, 124 
circles, 124 
parallels, 124 
of moon, to correct, 187 
planet, to correct, 188 
star, 125 

suns to ooirect, 183 
Definitions in nautical astronomy, 421 

navigation, 110 
Departure, 69 

course, 65 
Deviation of compass, 20 

finding, 319, 324, 327 
table, 21 
Diagram, astronomical, 127, 129, 130 

azimuth. Weir's, 322 
Dip, apparent, 147 

of sea horizon, 146 

shore horizon, 148 
tabular, 147 
true, 147 
Distance, 8 

scale, 41 
Diurnal inequality of tides, 412 
Double altitudes, direct method, 254 
errors of, 373 
of stars, 263 
sun, 257 
chronometer rule, 396 
Doubling angle on bow, 59 
Douwes' method of double alts., 269 
Dumb card, 60 

Eabth, velocity in orbit, 159 
Easting, 3 
Ecliptic, 123 

obliquity of, 110 
Equal altitudes on both sides of mc 

343, 347, 351 
Equal alts, on same side of mer., 353 
longitude by, 312 
circles of, 384 
curves of, 384 
of stars, 353 
parallel of, 383 
Equation of time, 161 

fig. of parts, 163 
to correct, 185 
equal altitudes, 345 
Equator defined, 2 

celestial, 123 
Equi-angular spiral, 7 
Equinoctial, 123 
Equinoxes, 159 

precession of, 124, 379 
Error of chronometer, 339, 843, 353 
Establishment of port, 409 

Fixed stars, 117 

to find, 118 
Fixing positions, 52 
Formulffi of sailings, 89 
Four-point bearing, 59 
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Oeocentric position, 131, 156 
Geographical position of son and neav- 

enly bodies, 382 
Gnomonic projection, 39 
Godiraj's great circle method, 103 
Great circle defined, 2 

methods of drawing, 103, 104 

sailing, 101 
Greek alphabet, 118 
Greenwich date approz., 179 

exact, 181 
Gregorian correction, 171 
Ground log, 15 



Habbison's watch, 274 
Heights on charts, 43 
Heliocentric position, 131 
Heme's method for long., 312 
High-water line, 43 

time of, 409 
Horary tables, 202 
Horizon, 125 

apparent or visible, 125 
artificial, 336 
errors in position of, 360 
rational, 125 
sensible, 125 
true distance of, 147 
visible or apparent, 125 
distance of, 147 
Hour angle defined, 201 

calculated, 203 

errors in, 365 

notes on, 209 

of moon, 201 

star, 206 

sun, 205 

circles, 124 

six o'clock, 124 



Illumination, circle of, 382 
Index error sextant, 140 
Inequality diurnal, 412 
Irradiation, 144 



Johnson's method, 396 
Journal compass, 100 

chronometer, 277 



Eeplbr's laws, 116 
Eew certificates, 145 
Knot, length of, 13 



Laqoino, 406 

Latitude celestial, 131, 378 

defined, 3, 227 

difference of, 8 

equals alt. of pole, 227 

scale, 41 

terrestrial, 3 



Latitude by alt. near mer., 241, 250, 267 
change of alt., 273 
combined alts., 272 
double alts., 254 
Douwes' method, 269 
mer. alt. above pole, 230 
below pole, 239 
moon, 235 
planet, 238 
sun, 233 
star, 237 
Pole star, 254 
three alts., 270 
Sumner's method, 381 
Leeway, 26 

Lemonnier on long., 312 
Level, mean sea, 407 
Libra, first point of, 123 
Lights on charts, 43 
Lines of position, 382 
Log book, 83 

Dutchman's, 12 
glass, 13 

error of, 13 
ground, 15 
line, 13 

error of, 13 
patent, 14 
ship, 12 
Logarithms, proportional, 297 
Longitude, celestial, 131 
defined, 2, 279 
difference of, 3, 279 
scale, 41 

by chron. moon, 290 
star, 288 
sun, 283 
equal alts., 312 
lunar, 290 
Loxodromic curve, 7 
Lubber line, 12 
Lunar, by star, 301, 304 
sun, 300 
planet, 301 
distance stars, 291 
refinements omitted at sea, 311 
notes on, 308 



Magnetic course, 18 

meridian, 18 
Marcq Saint-Hilaire's method, 393 
Mean sea level, 407 

sun, daily motion of, 165 
time, 160 
Mercator chart, 30 

sailing, 77 
Meridian altitude above pole, 230 
below pole, 239 
of moon, 235 

star or planet, 237 
sun, 233 
not maximum alt., 233, 



errors in, 361 
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Meridian defined, 2 

magnetic, 20 
prime, 110 
redaction to, 248 
secondary, 358 
Meridional diff. lat., 32 

parts, 32, 107 
Middle latitnde sailing, 73 
Mile, nantioal and geographical, length 

of, 3 
Moon*8 altitude, correction of, 197 
decl., to correct, 187 
equatorial hor. par., 190 
hor. par., to correct, 189 
mer. passage, approx., 216 

exact, 219 
motions, 221 
passing meridian, 209 
right ascension, 188 
semi-diameter, 151 

to correct, 189 

Nadir, 126 
Napier's curve, 24 

diagram, 99 
Natural scale, 41 
Nautical Almanac, 178 

astronomy defined, 1 

definitions, 421 

mile, length of, 3 
Navigation defined, 1 

definitions, 110 
Neap tides, 406 
New style, 171 
Night observations, 361 
Northing, 3 

Oblxque ascension, 125 
Obliquity of ecliptio, 123 
Observations at night, 361 
Observatory, Boyal, 309 
Old style, 171 

Paosl'b method, 397 
Parallax, 151 

diurnal, 156, 378 
horizontal, 152 
in altitude, 152 
of moon, 189 
sextant, 141 
star or planet, 153, 188 
sun, 153 
Parallel of equal altitude, 383 
latitude, 3 
sailing, 66 
Perigee, 151 
Perihelion, 158 
Phine chart, 30 
sailing, 69 
Planets, elements of, 117 
mer. alt., 237 
movement, laws of, 116 
Points of compass, names of, 10 
equinoctial, 123 



Points, solstitial, 124 
Polar distance, 124 
Pole star for lat., 254 

bearing of, 329 
corrections explained, 252 
not at pole, 119 
< Poles, 121 

defined, 2 
Position, fixing of in various ways, 58 
lines of, 382 
I Port, establishment of, 409 

Precession of equinoxes, 124, 379 
; Prime vertical, 127 
! altitude on, 280 

! time of crossing, 280 

I Priming and lagging, 406 
Projections, 30 

stereographic, 128 
Proper motions of stars, 380 
I Proportional logarithms, 297 
I Protractor, 50 

rectangular, 50 
I semi-circular, 50 

; QUADBANTAL poiutS, 10 

I Banob of tide, 408 
, Bate of chronometer, 354 
I harbour, 358 

sea, 358 
Reduced latitude, 378 
Reduction to meridian, 248 
Reflection, laws of, 133 
Refraction, 148 

correction of, 150 
Retardation, 166, 194 
Revolution of earth, 116 

planets, 116 
Rhumb line, 7 
Right ascension, 124, 186 

of moon, to correct, 188 
planet, to correct, 188 
star, 125 

Sim, to correct, 186 
Rising, time of, 333 
Rotation of planets, 116 

sun, 116 
Royal Observatory, 309 
Bun, corr. for, in alt., 221, 381 
time, 224 

Sailinos, 65 

current, 81 

great circle, 101 

Mercator, 77 

middle latitude, 73 

parallel, 66 

plane, 69 

traverse, 73 
Scale, natural, 41 

of latitude, 41 

longitude, 41 
Sea rate of chron., 357 
Seasons illustrated, 122, 380 
Second differences in lunars, 2 
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Semi-diameters, moon, 161 
planet, 117 
sun, 151 
Semi-diarnal arcs, 332 
Sensible horizon, 125 
Setting, time of, 333 
Sextant, 133 

adjustments, 137 
centering error, 145 
ooUimation, 138 
double, 136 
index error, 140 
names of parts, 133 
notes on, 144 
side error, 137 
stand, 339 
Shadweirs star-tables, 262 
Sidereal time, at mean noon, 187 

converted into mean solar, 

and vice-versdj 167 
mean and apparent, 164 
Solar system, 115 

elements of, 117 
Solstices, 159 
Solstitial points, 124 
Soundings, 88 

machine, 88 
on charts, 43 
Southing, 3 

Spheroidal form of earth, 377 
Spiral, equi-angular, 7 

spring, 274 
Spring tides, 406 
Standard chronometer, 279 

compass, 8 
Stars, altitude, corr. of, 200 
catalogue, 118 
chronometer, 288 
clock, 158 
fixed, 117 
lunar distance, 291 
mer. passage, time of, approx., 212 

exact, 213 
number of, 117 
passing meridian, 209 
proper motion of, 380 
tables, Shadwell's, 262 
to find, 119 
Station pointer, 51 
Steering compass, 8 
Stereographic projection, 128 
Straight line method (compasses), 24 
Stream, tidal, 411 
Sumner lines, 385 

method, 381 
Sun, altitude, corr. of, 195 
chronometer, 280 
crosses line, 184 
declination, corr. of, 184 
dial, 165 

geographical position of, 382 
parallax, 153 

right ascension, corr. of, 186 
semi-diameter, 151 
Swinging ship, 98 



Tables of azimuth, 185 
deviation, 21 
ex mer. 249 
hour angles, 202 
latitude corr., 286 
solar system, 117 
tides, 409 
variation, 16 
Terminator, 382 
Tidal streams, 411 

waves, 405 
Tides, 404 

age of, 411 
tables, 409 
Time and longitude converted, 185 
apparent solar, 164 
astronomical, 176 
azimuth, 325 

errors in, 373 
tables, 185 
balls, 335 
civil, 176 
conversion of, 191 
converted to arc, 177 
defined, 157 
equivalents, 167 
graphically shown, 163 
mean solar, 164 
problems on, 171 
sidereal, 164 
standards of, 157 
Total error of compass, 161 
Towson, ex-meridian tables, 249 

great circle method, 103, 329 
Traverse sailing, 73 

table, 71 
Tropical year, 168 

True bearing of a terrestrial object, 330 
Twilight, 334 



Vabiation, 16 
Velocity of planets, 116 
Vernal equinox, 123 
Vernier of barometer, 144 

sextant, 142 
Vertex of great circle, 102 
Vertical circles, 127 

prime, 127 

angle of, 378 

Walker's taffrail log, 14 
Weir's azimuth diagram, 322 
Westing, 3 

Tear anomalistic, 169 
defined, 158 
Julian, 170 
mean solar, 168 
sidereal, 168 
tropical, 168 



ZEMrrH, 125 
Zodiac, 123 
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PLATE I. 




If nsing these cards for correcting for Variation alone, the fixed card 
should be considered true, and the north point of the inner card moved east 
or west of true north by an amount equal to the Variation. 

If correcting for Deviation alone, consider the fixed card as Magnetic, 
and separate the north points by an amount equal to the deviation. 

If correcting for both Variation and Deviation, consider the outer card 
pnie, and separate the north points by an amount equal to the sum of the 
Variation and Deviation if of like names, or otherwise by their difference. 
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PlaU 4. 
NAPIER'S DIAGRAM. 

(CONSTRUCTBD FROM THB DEVIATION TaBLB USBD IN THIS WoRK. 
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PLATE 5. 

DEVIATION CURVE. 
Drawn from thb Devlvtion Table used in this Work. 

North 




Note.— This curve is asefal for testing the accuracy of observations for deviation, 
but not for correcting courses. Easterly deviations are laid off to the right of the 
central line, and westerly deviations to the left ; these may be laid down from any 
scale of equal parts. 
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PLATE 6. 

ARCHIBALD SMITirS {STRAIGHT LINE) COURSE TABLE, 

Constructed from the Deviation Table used throughout this Work, 

For the Use of Officers of the Watclies 
when Tactical Manxuvres are beirig performed. 
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PLATE (5. 

ARCHIBALD SMITITS (STRAIGHT LINE) COURSR TABLE, 

Constructed from the Deviation Table used throughout this Work, 

For the Use of Officers of the Watches 
wlien Tactical Manxuvres are beiTig performed. 
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